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Abstract
The first part of the thesis concerns the ruthenium catalysed coupling of alkenes 
and aromatic ketones (Murai reaction). High-temperature in-situ IR spectroscopy has been 
used to study the mechanism o f this reaction which is catalysed by Ru(PPh3)3(CO)H2. An 
inverse dependence of formation of the coupled alkene-ketone product is observed upon 
varying the concentration of CH2=CHSi(OEt)3 , although a linear dependence is found with 
CH2=CHSiR3 (R = Me, Ph). An unexpected humped dependence is seen upon changing the 
concentration of ketone, maximising at [ketone] :[alkene] = 2:1. Alternative catalysts for 
the Murai reaction have been probed. Their reactivity follows the order Ru(PPh3)3(o- 
C6H4C(0)CH3)H > Ru(PPh3>3(COXC2H4) »  Ru(PPh3)2(C0)(o-C6H4C(0)CH3)H. Two 
related ortho-metallated catalysts have also been prepared; their reactivity shows the 
importance of the stereochemistry of the substituents.
The second part of the thesis concerns the reactivity of a range of ruthenium N- 
heterocyclic carbene (NHC) complexes. Thermolysis o f Ru(PPh3)3 (CO)H2 with 1,3- 
bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene (IMes) leads to unprecedented C-C 
activation of an sp2-sp3 hybridised C-C bond of the carbene. C-H activation has also been 
observed under milder conditions. The mechanisms of these reactions have been probed by 
deuterium labelling studies, DFT calculations and use of alternative P/As precursors. 
Reaction o f Ru(AsPh3)3(CO)H2 with IMes affords Ru(IMes)2(CO)(S)H2 (S = EtOH, H20 ) 
upon attempted crystallisation. These two compounds act as precursors for a range of bis 
NHC ruthenium compounds with Ru-OH, Ru-SH, Ru-SR, Ru-OCOR, Ru-FH and Ru-CIH 
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Part 1 Chapter 1 -  Introduction to C-H activation and its applications in homogeneous catalysis
1.1. Introduction.
Homogeneous catalysis is nowadays a relatively mature field of chemistry in which 
numerous and diverse reactions are being explored, coupled with informative studies of 
mechanism and theory. In comparison to the fields o f heterogeneous catalysis and 
biocatalysis, homogeneous catalysis has grown dramatically but remains, however, a 
relatively untapped resource whose importance cannot be overestimated. As industry 
becomes more oriented toward speciality chemicals, methods to catalyse functional group 
transformations, polymerisations, hydrocarbon activations and inductions of asymmetry 
will be increasingly in demand. Among the variety of bonds to be activated, the synthetic 
utility of cleaving C-H bonds has long been recognised in chemistry and selective 
activation of specific types of C-H bonds is by all means one of the fastest growing areas of 
modern chemistry due to its attractive applications in industry, medicine and research. As 
shown in Figure 1.1. a large variety of C-H bonds have been shown to be activated 
catalytically by transition metal complexes.1
OH H O
N= H Ph— — H
Sc Ti V Cr Mn Fe Co Ni Cu Zn
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
La Hf Ta W Re Os Ir Pt Au Hg





Figure 1.1. - A diverse range o f C-H activations that are catalysed by transition metal 
complexes.
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P art 1 Chapter 1 -  Introduction to C-H  activation and its applications in homogeneous catalysis
In this introduction, a brief overview of metal promoted C-H bond activation in 
homogeneous media will be described both from a stoichiometric and a catalytic point of 
view. It is certainly not intended to be a definitive and detailed review of the subject, as this 
area has been thoroughly described in major reviews and articles.1
1.1.1. Early examples of C-H activation.
The first metal-containing systems which were capable of activating C-H bonds 
including Fenton’s reagent (hydroxylation) and mercury salts (direct mercuration), were 
discovered as early as the end of the nineteenth century. Initial pioneering work reported 
during the 1930s, described the electrophilic auration of arenes2 and a radical chain auto­
oxidation of hydrocarbon initiated by metal derivative.3
The development of this field really started in the 1960s with the discovery by 
Kleiman and Dubeck of C-H bond cleavage in azobenzene by a Cp2Ni complex,4 and was 
rapidly followed by C-H activation of sp3 hybridized carbon atoms.5 In 1969, the first 
activation reactions of C-H bonds in alkanes were discovered.6 It was found that 
platinum(II) salts catalyse the H-D exchange between methane or its analogues and D2O at 
100°C, and that Co(PPh3)H3 induces deuteration of methane by D2 at room temperature. 
Since then, extensive research efforts have been reported on the cleavage of C-H  bonds by 
low-valent metal-complexes which have been shown to proceed via an oxidative addition 
mechanism to form either alkyl and aryl derivatives.7 In contrast later development have 
demonstrated that high oxidation state metals proceed via formation of organometallic 
species.8 Although there are fewer examples of C-H activation by high oxidation state 
metal complexes, the investigations of their properties really started at the end of the 1980s 
and has grown significantly since.9
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1.1.2. Stoichiometric C-H activation.
1.1.2.1. C-H bond activation by transition metal complexes.
Selective functionalisation of alkanes by transition metal complexes has been a 
target for inorganic chemists for over 30 years and has been described as one of the ‘Holy 
Grails’ of chemistry. 10 Synthetic organic chemistry is now at such a level of sophistication 
that practically any target molecule may be synthesised by using a multitude of known 
reagents and reactions. Hydrocarbons are typically the most inexpensive and most 
abundant of all organic chemicals, yet saturated hydrocarbons are not readily employed in 
organic transformations toward the formation of more valuable products such as alcohols, 
ketones and acids due to their inherent lack of reactivity. It is then challenging from various 
points of view, to find routes from these basic materials to more commercially viable 
products.
C-H bond cleavage or ‘activation’ can be thought of as arising from weakening of 
the C-H CT-bond prior to rupture which can be induced by coordination with a metal centre. 
However, C-H bonds are extremely strong (BDE (C-H) in CH4 « 400 kJ mol'1), kinetically 
inert (high lying HOMO and LUMO) and non polar. Investigations of the reactions of 
metal complexes with hydrocarbons in homogeneous median as led to the classification of 
four general types of processes [Scheme 1.1.]. Reaction (a) represents the most common 
type of reaction, in which oxidative addition occurs at vacant coordination site on the metal 
centre. Reaction (b) show a homolytic or radical process, while the reaction (c) describe the 
reversible addition of a R-H bond to a M=X bond where X can either be heteroatom 
containing ligand or an alkylidene (M=CR2). Finally reaction (d) represents the use of an 
electrophilic metal centre to break the R-H bond, for which two reaction pathways have 
been proposed, one involving a concerted mechanism via so-called a-bond metathesis and 
one which proceeds via an oxidative addition pathway.
5
Part 1 Chapter 1 — Introduction to C-H activation and its applications in homogeneous catalysis




(b) 2 M + R-H M-H M-R
(c) M=X + R-H M.
/ XH
(d) M-X + R-H
M X
M-R + X-H
Scheme 1.1. - Mechanisms for R-H (R = aryl, alkyl, alkenyl) activation by transition metal 
complexes.
I.I.2.2. Kinetic selectivity versus thermodynamic selectivity.
Stoichiometric C-H bond activation is nowadays a relatively well studied process 
and a considerable number of examples have been reported in the literature in the last two 
decades. Due to their possible direct applications to catalysis, numerous processes have 
been thoroughly studied from a mechanistic, thermodynamic and kinetic point of view. 
Therefore several systems have been used to investigate the C-H bond activation and two 
types of selectivity have been considered. Kinetic selectivity, which describes the rate at 
which a certain type of bond reacts, and thermodynamic selectivity, which describes the 
energetic preference for cleavage of a particular type of bond.la The main features of these 
distinct types of selectivity can be seen in Figure 1.2. which represents a diagram of the 
change in free energy (AG) as a function of the reaction of a metal fragment with two 
different hydrocarbons RH and R’H.
6
P art 1 Chapter 1 -  Introduction to C-H  activation and its applications in homogeneous catalysis
"kinetic selectivity
AAG
M + RH + R'H
A G i
+ R'H AG =  AG1 -A G 2 -AAG
RH + M
'thermodynamic selectivity
Fig. 1 .2 . — Free energy diagram showing kinetic vs. thermodynamic selectivity}a 
I.I.2.3. Examples of stoichiometric C-H activation.
Among all the types of C-H bonds studied, alkane C-H activation remains by far the 
most interesting and challenging area of research. Crabtree et al. reported the first well 
characterised reaction of an alkane with an homogeneous transition metal complex upon 
addition of cyclopentane to [Ir(PPh3)2H2]+ to give cyclopentadienyl-iridium.11 In a major 
advance, Bergman et al. described in 1982 the direct formation of an alkylmetal species 
from a simple alkane [Scheme 1.2.]12 upon photochemical dissociation of H 2 from (r|5- 
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Stoichiometric C-H activation has been used thoroughly in the study of various 
catalytic reactions. One such example was demonstrated by Suggs et al., who isolated the 
first stable acylrhodium (III) hydride, proposed as an intermediate in the mechanism for the 
hydroacylation reactions [Scheme 1.3.].13
95%
Scheme 1.3.
Very much work has been reported in the study of C-H bond activation of alkanes,
and benzene by CpTr(PMe3)(R)H complexes (R = alkyl, C6H5) [Scheme 1.4.].14 These 
extensive studies have uncovered the kinetic selectivity and the thermodynamic selectivity 
of this system, while calorimetric experiments designed to obtain the absolute Ir-C bond 
strength have shown the strong thermodynamic preference for benzene activation 
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1.1.3. Catalytic C-H activation.
By comparison to stoichiometric C-H bond activation, transition metal-catalyzed 
functionalisation of C-H bonds still remains a relatively untouched field o f chemistry.15 
One of the major problems to be overcome in developing catalytic C-H bond activation 
reactions for producing fimctionalised organic molecules is that the C-H bond of the 
product (alcohol, ketone, etc.) is likely to be more reactive than that of the starting alkane. 
This combined with low yields, low selectivity and poor catalyst turnover numbers have 
restricted synthetically useful and commercially viable examples of catalytic C-H bond 
activation. Nevertheless, a number of examples have been reported and some interesting 
research is currently being developed mainly with the intention of forming C-C bonds 
through direct C-H bond cleavage. These have been shown to be very promising with good 
selectivity and high yields of products.
I.I.3 .I. Catalytic dehydrogenation of alkanes and arenes.
In 1979, Crabtree et al. reported the first example of stoichiometric 
dehydrogenation of alkanes using an iridium-phosphine complex.11 Related work was then 
extended by Baudry and Ephritikhine into the first example of a catalytic conversion of 
alkanes with respect to a transition metal complex.16 Their work showed that a rheniums 
polyhydride complex catalyses dehydrogenation of cycloalkanes to cycloalkenes in the 
presence of fert-butylethene, which act as a sacrificial hydrogen acceptor [Scheme 1.5.]. 








In 1990 a notable advance was achieved in the dehydrogenation of alkanes by Saito 
et al.17 They reported the first example of efficient alkane dehydrogenation in the absence a 
sacrificial hydrogen acceptor under thermal conditions, using RhCl(PPh3 )3  as a catalyst.
9
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In 1997, Gupta and Goldman found a highly efficient dehydrogenation of 
cyclodecane to cyclodecene using an iridium PCP complex [Scheme 1.6.].18 In this case, 
360 turnovers were achieved in 24 h.
H H
t W  t P Bu2H r  PlBu2
y Y
cyclodecane
reflux (201 °C), 24h
cyclod ecen e + H2 
360 TON
Scheme 1.6.
Catalytic dehydrogenation of alkanes and arenes has found applications in 
dehydrogenative silylation. Among the many examples reported,19 Tanaka et al. have 












1.1.3.2. Catalytic hydroacylation with aldehydes.
Decarbonylation of aldehydes by RhCl(PPh3 )3  is at the origin of hydroacylation,218 
and was first observed by Sakai et al. in the intramolecular hydroacylation of enals. 
However, use of a stoichiometric amount of rhodium complex was required and the yield 
of product was low (30%).21b This process was improved by Miller et al., who devised 
catalytic methods to the cyclised ketone product [Scheme 1.8.] .21c
t
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RhCI(PPh3)3
ethene-saturated  
CHCI3  at RT for 8 8  h
Scheme 1.8.
This process has been extended to several organic syntheses, such as the
intramolecular hydroacylation of unsaturated aldehydes22 to allow resolution of racemic
enals.23 Further work by Miller et al. described the first example of intermolecular
hydroacylation of an aldehyde with an alkene giving ketones [Scheme 1.9.].24
O 0
Rh(C2 H4 )2 (acac)
CHCI3  at r.t. for 8 8  h
84%
Scheme 1.9.
Extension of this process to alkyne C-H bonds affords a,(3-unsaturated ketones 
[Scheme 1.10.]. Both aliphatic and aromatic alkynes are applicable to the reaction and, in 
the case of unsymmetrically substituted alkynes, the regioselectivity depends upon the 
steric bulkiness of the alkyl substituents. This was first published in 199025 and has since 





Ni(cod)2 /P (C 8 H1 7 ) 3  
THF, 100°C, 20 h
Pr
93% (E:Z = 93:7)
Scheme 1.10.
I.I.3.3. Michael addition and aldol reactions.
Murahashi et al. have reported the Ru(PPh3)4H2 -catalysed addition of activated 
nitriles to aldehydes, ketones and a,p-unsaturated carbonyl compounds [Scheme 1.11].27
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THF, -78°C, 6 h
0 2Et




Ito et al. reported that the rhodium-catalysed Michael addition of a-cyano 
carboxylates to oc,p-unsaturated carbonyl compounds can be made asymmetric [Scheme 
1.12]- This Michael reaction takes place in high chemical and optical yields even with 
low catalyst loading (0.1 -  1 mol%), and it was shown that the fra/w-chelating chiral 




benzene, 3°C, 10 h
Me
99% yield; 86% ee
TRAP = 2,2"-bis[1-(diphenylphosphino)ethyl]-1tT'-biferrocene
Scheme 1.12.
1.1.3.4. Addition to carbon-carbon multiple bonds.
Trost et al. have reported the palladium-catalysed addition of C-H bonds in active 
methylene compounds to allenes [Scheme 1.13.].29 With allenes having electron- 
withdrawing groups (F, Cl, Br, CF3 and OCF3) on the phenyl substituents, addition takes 
place predominantly at the internal carbon atom. In contrast, terminal attack is favoured for 






dmppp = 1,3-bis(di-(2-methoxylphenyl)-phosphino)propane 
TBDPS=
R = TBDPS (Y = 64% ): E /  Z = 100/0 
R = H (Y =71%) :E/Z = 75/25
Scheme 1.13.
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1.1.3.5 Catalytic carbon-carbon bond formation through direct C-H bond cleavage.
Catalytic carbon-carbon formation through direct cleavage of a C-H bond is of wide 
interest. This process has mainly been investigated via insertion of carbon monoxide and 
isocyanides into a C-H bond,47 addition of a C-H bond to a carbon-carbon double bond35 or 
triple bond38 and via coupling of C-H bonds with carbon monoxide and alkenes.31 These 
represent some of the few examples of interest from a synthetic viewpoint as they show 
interesting selectivity and efficiency.
I.I.3.5.I. Addition of C-H bonds to carbon-carbon double bonds.
Catalytic additions of carbon-hydrogen bonds to alkenes constitutes one of the most 
efficient and cheap ways to selectively functionalize C-H bonds. It was first reported by 
Yamazaki et al.30 in 1978 who catalytically synthesised diphenylmethyl phenyl ketone in 
good yield from diphenylketene in the presence of Rh4 (CO)i2 under a CO atmosphere 
[Scheme 1.14.].
Rh4(CO)12
Ph2C=C=0 + C6H6 ----------------- ► Ph2CHCOPh
CO 30 kg/cm2 
200 °C , 5h
Scheme 1.14.
Later the same rhodium catalyst was also found to be effective for the synthesis of 
styrenes via dehydrogenative vinylation of benzene with ethene [Scheme 1.15.].31
+ CO
Rh4(CO)i2
30 kg/cm2 25kg/cm2 220°C' 7h
9170%/Rh
Scheme 1.15.
Addition of an sp hybridised C-H bond adjacent to a nitrogen atom in 
dimethylamine to 1-pentene is catalysed by a tungsten amide complex to give N-methyl-N- 
(2-methyl-pentyl)amine [Scheme 1.16.].32
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160°C, 14h 7 TON
The a  C-H bonds of ether oxygen are added to tert-butylethene in the presence of a 







R = CH2CH2OCH3 /
12 TON 44% RO
11% RO
Heteroatom directed ethylation of the benzene ring in phenol is catalysed by 
ruthenium(II)-phosphite complexes. The alkylation takes place at the position ortho to the 
















In 1989, the first example of catalytic asymmetric C-H/alkene coupling was 
reported by Jordan et al. They reported the a  alkylation of picoline via C-H bond
14
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1.5 atm H2 ;1atm
23 °C, 25 h
> 40 TON
I.I.3.5.2. Addition of C-H bonds to carbon-carbon triple bond.
Various methods have been reported in the literature for the preparation of 
substituted styrenes36,37 among which the Heck reaction remains one of the best studied 
methods. One major drawback of this method is due to the use of halocarbons which are 
indispensable to the C-C bond formation.
Pioneering work by Yamazaki et al.38 has shown the possibility of overcoming this 
problem by direct addition of otherwise unreactive C-H bonds, through C-H activation. 
Their work on the coupling of aromatics and heteroaromatics with alkynes [Scheme 1.20.] 
has shown that site selectivity is possible depending on the substituents on the aromatic 
ring. For example with R = CH3, activation at the met a position is preferred while with R = 
F, reaction occurs predominantly at the ortho position. The authors propose that this 









This work has been extended by others to allow the use of azobenzene in rhodium 
and cobalt catalysed reactions,39 while it was shown that Ru(PPh3)3(CO)H2 catalyses the 
ortho-selective addition of C-H bonds in aromatic ketones [Scheme 1.21. ] . 40
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I.I.3.5.3. Insertion of carbon monoxide and isocyanide into the C-H bond.
Several examples of transition metal-catalysed insertions of carbon monoxide and 
isocyanide into C-H bonds are known. The carbonylation of a C-H bond to give aldehydes 
requires photochemical conditions. Eisenberg et al. have used iridium,43 rhodium44 and 
ruthenium45 complexes to produce benzaldehyde from benzene. This method has been 
extended by Tanaka et al. and these authors have demonstrated that under CO, benzene 
reacted photochemically to afford a mixture of benzaldehyde, benzylalcohol and benzoic 












The isoelectronic isocyanides have generally been used as alternatives to CO. In 
1986, Jones et al. reported that a low-valent ruthenium phosphine complex catalysed 
intramolecular insertion of an isocyanide into an sp3 hybridised C-H bond under thermal 
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1.1.4. C-H bond activation in the presence of CO and alkenes.
Moore et al. reported the first example of the highly selective carbonylation of 
aromatic ketones with the aid of Ru3(CO)i2 as a catalyst [Scheme 1.24.].41 This reaction 
affords linear pyridyl ketones with various terminal alkenes.
o
+ CO +
Ru3 (CO) 1 2
Scheme 1.24.
150°C, 16h
65 % (n; iso = 93 : 7)
This reaction was thoroughly studied by Murai et al.42f [Scheme 1.25.] who 
considerably extended the scope of this reaction.4 2 8 '1 In fact a large variety of N- 

















x = o, s
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The most recent advances in this area have been under the same reaction conditions 
as reported for the acylation of jV-heteroaromatic compounds [Scheme 1.26.]. Ru-catalysed 
intramolecular cyclocoupling of ketones (or aldehydes) with alkenes (or alkynes) occurs in 
the presence of CO gas and leads to y-butyrolactones.42* The reaction, which is best 
described by Figure 1.5., represents the first example of the catalytic synthesis of 
heterocycles via an intermolecular carbonylative [ 2  + 2 + 1 ] cycloaddition.








X = ch2, o , nh
Figure 1.5.
1.1.5. Ruthenium catalysed ortho-C-H activation of ketone
In 1993, Murai et al.48 reported the first highly efficient and selective example of an 
aromatic C-H/alkene coupling reaction. The reaction of aromatic ketones with alkenes, in 
the presence a ruthenium catalyst gives the corresponding ortho alkylated compounds in 
high yields, up to a quantitative yield in most cases [Scheme 1.27.].
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The C-C bond formation occurred exclusively at a position ortho to the ketone 
carbonyl group, and was proposed to involve coordination of the ortho carbonyl group to
C-H bond cleavage is not the rate determining step as a rapid equilibrium exists prior to the 
reductive elimination step, leading to C-C bond formation [Scheme 1.28.].
The biggest limitation to the reaction comes from the types of substituents that are 
present on the alkene, as electron-donating and electron withdrawing groups showed no 
reactivity [Figure 1.6.].
Figure 1.6. - Alkenes that do not undergo C-H/alkenecoupling under the Murai conditions.
the ruthenium [Scheme 1.27.].49 One of the most important findings in their studies is that
o
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Functional group compatibility and the effect of substituents on the site-selection 
have been systematically studied in the reaction of various acetophenones. 5 1  Functional 
groups such as NMe2 , OMe, F, NEtC(0)Me, CC^Et, and CN were found to be tolerated 
under the conditions of the reaction [Figure 1.7.].
20











/ /r\ rs \
(V) (w) (X) (y)
Figure 1.7. - The variety o f aromatic and heteroaromatic compounds found to be reactive 
in the Murai reaction. The arrows show the position o f C-C bond formation.
Interestingly in the cases of weta-substituted acetophenones (Figure 1.7.: (p), (q), 
(r), (s), (t)), where two different reaction sites are present at the ortho position, the site 
selectivity is found to be controlled by steric factors. When m-methoxy-acetophenone is 
reacted with triethoxyvinylsilane, the reaction takes place at the much-congested ortho 
positions suggesting that the heteroatoms assist in bringing the ruthenium closer to the C-H 
bond [Scheme 1.29.]. As shown in Figure 1.8., similar results were found for various 
groups at the meta position.
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Figure 1.8. - A variety o f  the meta substituted phenyl ketones that undergo preferential 
ortho C-C bond formation according to the nature o f the meta substituted groups.
Woodgate et al. extended this methodology to the synthesis of natural products 
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Grigg & Sevic showed that the reaction of acetylpyridines with triethoxyvinylsilane 
gave coupling ortho to the acetyl group which corresponds to the more electron-deficient 
aromatic ring.53 In the case of 3-benzolpyridine, C-H bond insertion into the more electron 







This C-H/alkene coupling was applied to polymer chemistry in the 
copolymerisation of acetophenones (which have two free ortho C-H bonds) and a,co- 
dienes using Ru(PPh3)3(CO)H2 as the catalyst.54 The findings showed that substituted 
acetophenones with an electron-donating group exhibit higher reactivities and that this step 
growth polymerisation gives a high molecular weight polymer. This implies that each step 
proceeds virtually quantitatively [Scheme 1.32.].









Trost et al. reported similar results for the addition of conjugated esters to alkenes
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Nitrogen functionalities can also work as the directing group, with formation of the 
expected insertion product [Scheme 1.34.]. A minor product is the vinylic product formed 
in 10% yield . 18’55 In reactions of aromatic imines, Ru3(CO)i2 is the superior catalyst even 
though this complex is ineffective for the reactions of aromatic ketones. As shown in 
Scheme 1.35. depending on the steric hindrance of the aromatic imines the reactivity could 
be tuned to generate preferentially the vinylic side product. It is proposed that this is due to 
steric repulsion between the methyl group [Scheme 1.35.] and to the oxygen in the 
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The Murai process was extended to alkenic C-H bonds at the p-position of 
conjugated enones [Scheme 1.37.]. Acyclohexenes exhibit high reactivities and the 
presence of an oxygen atom at the allylic position of the 6 -membered ring seems to 
increase the reactivity of the enones.
°  ♦ Si(OEt)3
Scheme 1.37.
Bu1
Toluene, 0.5 h, reflux.
48%
1.2. Conclusion.
Of all die catalytic reactions involving C-H activation described in this chapter, very few 
showed a combination of high regioselectivity and high conversion under mild conditions.
The reaction described by Murai comes closest to being the most useful from a 
synthetic point of view; this discovery is considerable as alkylated aromatic compounds 
such as 2’-methyl-6 ’-[2-(triethoxysilyl)ethyl]acetophenone [Figure 1.9.], are difficult to 
prepare by other, more conventional organic methods. These methods are either not 
applicable to acyl substituted aromatic compounds or, as in the case of Friedel-Crafts 
acylation of alkylbenzenes, yield the para-substituted isomer as the major product. Finally 
other techniques involving the electrophilic alkylation of benzenes cannot be applied to 
electrodeficient acylbenzenes.57 An other important aspect of this reaction is that C-C bond 
formation occurred exclusively at the terminal carbon of the alkene and acyl group addition 
is more favourable at the less hindered side of the double bond.
25
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Figure 1.9.
One of the major drawbacks of the Murai reaction is the need for forcing conditions 
(such as the high temperature) along with restrictions on reactive substituents present on 
the alkene. The rational development of alternative catalysts to Ru(PPh3)3(CO)H2 which
(a) may function to lower temperature and (b) allow access to other types o f alkenes can 
only come about through a complete understanding of the reaction mechanism.
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Kinetic study of the Murai reaction: ruthenium catalyzed
C-H/alkene coupling.
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2.1. Introduction.




We have seen in Chapter 1 that most of the work reported by Murai et al.1-8 and 
others9'12 on the reaction shown in Scheme 2.1 has focused on exploring the range of 
reactive substrates. In fact in only a few cases have mechanistic aspects of the reaction 
been probed.3b’4’13'15 Preliminary studies3,15 with respect to the reaction mechanism of the 
ruthenium-catalysed C-H/alkene coupling have revealed that initial hydrogenation of the 
alkene with (1) gives a zero-valent species such as Ru(CO)(PPh3)3, and deuterium labelling 
experiments [Scheme 2.2.]. have demonstrated that a complete scrambling occurred among 
the two ortho positions of the ester and the three vinylic positions of the vinylsilane even 
though no coupling product was obtained.
0.60 H 0.60 H
0% conversion





Further mechanistic studies for obtaining informations with respect to the rate 
determining step have been measured by means of experimental 13C kinetic isotope effects 
(KIEs) at natural abundance in the reaction of ketones and aromatic esters.16 If C-C bond 
formation step is rate determining, the relative intensity of the ortho-carbon in the starting 
material should be increased compared with those at natural abundance. It was found that 
the KIE of ortho carbon was 1.033 in ester and 1.023 in ketones (generally 1.00 in aromatic 
carbons), suggesting that facile C-H bond cleavage occurs in both the ketone at the ortho 
position, and the silyl alkene at the terminal and axial position. On the basis of these studies
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determining in both aromatic esters and ketones. Moreover since H/D exchange occurred 
only at the ortho position, chelation assistance is critically important in C-H bond 
activation by the ruthenium metal centre. This, added to the fact that C-C bond formation 
occurs only at the position ortho to the ketone, strongly suggested formation of an ortho 
metallated ruthenium ketone complex.
Finally, DFT calculation conducted by Matsubara et al. probed computationally the 
reaction of benzaldehyde with ethene catalyzed by three- and four-coordinate complexes 
Ru(CO)(PH3)„ (n = 2, 3) as active species. 17 ,18 These calculations have shown that the 
ortho-CH bond of benzaldehyde selectively adds to ethene, due to the existence of an 
unusual metallacycle d6 five-coordinate complex intermediate stabilized by a CH agostic 
interaction [Figure 2.1 (a)]. In fact, the CH bond cleavage was shown to proceed in two 
steps during which the energy barrier is lowered significantly by the existence of the stable 
agostic intermediate. Subsequent alkene insertion into the RuH bond (insertion into Ru-C is 
less energetically favourable) and CC bond formation follows and was shown to proceed 
through a metallacycle intermediate [Figure 2.1., (b)] again stabilised by an agostic 
interaction. Finally it was demonstrated that the CC bond formation step, which has an 
activation energy of 113 kJ/mol, was rate-determining.
Figure 2.1.
On the basis of these observations by both Murai and Matsubara, a proposed 
mechanism was suggested [Scheme 2.3.]. In a first step, activation of the catalyst precursor 
by alkene is proposed to afford the catalytically active species. The second step consists of 
the subsequent ortho metallation of the active species with a ketone group, finally 
proceeding through to C-C bond formation and decomplexation to afford the final product.
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Scheme 2.3. - Proposed mechanism for the Murai reaction.
2 .1 .2 . Cylindrical internal reflectance: a method for in-situ catalytic studies.
As for the Murai reaction, a complete understanding of mechanistic detail is 
missing from many industrially and biologically important catalytic reactions that require 
high pressures and/or high temperatures. As most of the steps in a catalytic cycle are by 
definition fast, it is not easy to establish either the structure of the catalytically active 
species (which is likely to be present only at very low concentrations) or how this or any 
other intermediate interacts with organic substrates in the stoichiometric steps along the 
reaction pathway. One solution is to break the catalytic cycle down into a series of 
component reactions and to study them individually. However, the crux is to study these 
reactions under the “real catalytic conditions” so that any species that are observed are 
known to be truly involved in the catalytic cycle.
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The problem then is to find a spectroscopic tool to allow such observations to be made. 
Such a sensitive monitoring system should:
• Examine the desired reaction under truly in-situ conditions.
• Be able to deal with reactions in extreme conditions, such as very
absorbing solutions or strongly corrosive solvents.
• Not alter initial reaction parameters.
The reaction we are interested in studying involves metal carbonyl species and 
ketone substrates, which exhibit strong characteristic infra-red chromophores, between ca. 
2000-1600 cm'1. For example, (1) shows a terminal Ru-CO band at 1942 cm' 1 and 2’- 
methylacetophenone displays a strong C=0 vibration at 1690 cm"1. More crucially, since 
the reaction only proceeds upon heating, the measurements will have to be carried out at 
high temperature.
An analytical system meeting these requirements has already been successfully 
used to study a number of metal catalysed high-pressure reactions. The key tool for this 
work involves FTIR coupled to a high-pressure cylindrical intemal-reflectance infrared 
cell19 (CIR). Originally developed by W. R. Moser for homogeneous transition metal 
catalysed reactions, the CER cell is a relatively new method for the infrared analysis of 
chemical reactions and allows direct observation of reaction intermediates in a chemical 
reaction under conditions of both high temperature, and if required, high pressure. The 
power of this technique has been shown by the work of Haynes and Maitlis in Sheffield20  
in elucidating the kinetics of the complete catalytic cycles of rhodium and iridium catalysed 
carbonylation of methanol in the Mosanto and CATIVA processes. A combination of high 
pressure/temperature IR plus NMR studies and independent synthesis has helped to 
establish the structure of reaction intermediates and determine kinetic data o f key steps of 
oxidative addition of Mel and migratory insertion to afford metal acyl species. [Figure
2.2.]. The rhodium and iridium pathways have been shown to be very similar, but crucially 
different in the nature of the rate-determining step. In the rhodium case, the oxidative 
addition of CH3I to the intermediate [Rh(CO)2l2]2’ is the slow step, but in the iridium 
reaction, migratory addition of CO is rate-determining step. These results have proven to be 
fundamental to the introduction and commercialisation of the new CATIVA iridium/iodide 
catalysed system.
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Figure 2.2. - Rhodium and iodide-catalysed carbonylation o f methanol 
Optical system.
The CIR cell used in our studies [Figure 2.4.], comprises a plug flow reactor, fitted 
with a CIR crystal (a ZnSe crystal rod with polished 45° conical ends) through which the 
IR beam emitted by a Nicolet Protege 460 FTIR spectrometer was transmitted. As 
illustrated in Figure 2.3., the infrared beam was directed into a set of convex mirrors and is 
redirected onto the 45° angle of the CIR rod. As the beam passes along the rod, 10 internal 
reflections at the rod-solution interface leads to a modulation of the IR intensity by solvent 
and solute absorption. The resulting IR spectrum is similar to that obtained in a 
conventional transmission experiment but with a very short effective pathlength (ca. 10-15 
pm), which means that reliable quantitative measurement can be performed.
The cell has a low volume (400pl) and was equipped with a heating jacket allowing 
measurements to be made up to 250 °C [Figure 2.4.]. A feature that will be vital to us later 
in the project is the ability of the cell to take gas pressures of up to 1500 psi. The cell was
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coupled to an IR spectrometer with rapid scan facilities, up to 35 scans per second at 16 
cm-1 resolution.
(D)
(B) M   ... (A)
Figure 2.3. - Cylindrical internal reflectance crystal cell. (A) incident infrared beam, (B) 
emitted beam directed toward detector, (C) focusing mirrors, (D) cylindrical internal 
reflectance crystal o f either ZnSe, ZnS, Si, Ge.
Figure 2.4. - Plug flow CIR cell equipped with thermostated heating block, high-pressure 
gas inlet and effluent lines.
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Advantages and disadvantages.
The CIR reactors have demonstrated that they lead to truly in-situ results, they are 
able to provide analysis in strongly absorbing solvents such as water or acetic acid, lead to 
analyses that show no path-length dependence on pressure and little on temperature, and 
are exceptionally easy to run and to obtain instantaneous analyses as the reaction 
parameters are altered. The CIR reactors have shown a few disadvantages, as the fact that 
the small diameter crystal used in a low-volume reactor are fragile, especially ZnSe and are 
to be mounted and heated carefully. The studies of reactions with a pH > 12, is also 
undesirable as the crystal becomes etched, leading to loss of IR signal.
2.2. Results and discussion.
The work described in this chapter focuses on the reaction of (1) with a range of 
silyl substituted alkenes and several phenyl ketone derivatives over a range of temperatures 
The influence of the -SiR3 group attached to the alkene on the kinetics of the reaction was 
studied by variation of R from OEt (60a), Me (60b) and Ph (60c) [Scheme 2.4.]. Study of 
the ketone influence has proved to be complex due to the difficulty in finding ketones 
suitable for the IR measurement; changes in vco between starting ketone (61) and product 
(62) were needed that allowed the two compounds to be differentiated by IR. Both 2- 
methylacetophenone (61a) and 4-fluoroacetophenone (61b) have proved to be suitable for 





R, = Me, R2 = H (61a) R = OEt (60a) R = OEt, R-,= Me, R2= H (62a)
R, = H, R2 = F (61b) R = Me (60b) R = Me, R-|= Me, R2 = H (62b)
R = Ph (60c) R = Ph, R-i= Me, R2= H (62c)
R = OEt, R ^  CH2CH2SiOEt3, R2= F (62d) 
R = Me, Ri= CH2CH2SiMe3, R2= F (62e) 
Scheme 2.4. - C-H bond functionalisation o f phenyl ketones with various silyl-substituted 
alkenes leading to C-C coupling.
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2.2.1. Preliminary studies.
The IR spectrum of a toluene solution of (1) (9.9 x 10'5 mol) and (60a) (9.9 x 1 0 * 4  
mol) shows a single carbonyl stretching band at 1941 cm’ 1 at room temperature. Upon 
heating to 100°C, this band decreased in intensity and a new CO band appeared at 1918 
cm'1. Complete conversion to this product was seen at 373 K within 1 0  minutes; no further 
changes were observed at 135°C over an additional 60 minutes [Scheme 2.5.J. However, 
when a toluene solution of (1) (9.9 x 10' 5 mol) and 2’-methylacetophenone (9.9 x 10-4 mol) 







Finally a toluene solution of (1) (9.9 x 10'5 mol) was reacted with both (60a) and 
(61a) (both at 9.9 x 10-4 mol) in toluene at 100°C to afford (62a) [Scheme 2.6.]. The IR 
spectra recorded at regular intervals (every 30s) showed progressive formation of (62a) and 
decay of (61a) in the region of the IR spectrum associated with the ketone absorptions 
[Scheme 2.6., Spectra 2.1.]. This is shown in Figure 2.5. as a plot of the initial species at 
1689 cm' 1 and of the final species at 1702 cm'1. Similarly in the Ru-CO region of the 
spectrum, decay of the carbonyl band for (1 ) is observed along with growth o f  a new band 
at 1910 cm'1. Changes in the Ru-CO region of the IR spectrum, occur prior to  those in the 
ketone region. This is associated with initial activation of (1) which is necessary to generate 
the active catalyst species which then functionalises (61a).













































Spectra 2.1. - Change in the IR spectra during the reaction o f (1) with (60a) and (61a) and 
(62a), in toluene at 100 °C.
41




















Figure 2.5. - Initial and final IR spectrum from reaction o f (60a) with (61a) and (1) at 
100°C in toluene.
2.2.2. Kinetic model applied to the Murai reaction.
These initial investigations resulted in direct kinetic analysis of the Murai reaction. 
In fact direct analysis of the several spectra generated by a sequential recording of the IR 
spectra during the reaction resulted in the possible quantification of the concentration by 
means of the analysis of the intensity of the observed IR signals. This was achieved using 
the Beer-Lambert law (A = e  / [X]). This equation readily simplifies when considering that 
/ and e remains constant for a known compounds under the experiment conditions (A = k 
[X]). Therefore, for a set compound the concentration is directly proportional to the 
absorbance, which extends to any time (t) of the reaction. Therefore it is possible to plot the 
concentration versus (t) and to deduce the rate constant of the process.
The variation of the intensity of the peaks in the Ru-CO region of the IR spectra 
[Spectra 2.2.] can be plotted as a function of time. The resulting graph is shown in Graph. 
2.1.; ((a) shows the first order decay in the concentration of (1) at 1941 cm'1, and (b) for the 
growth in the concentration of the Ru-CO new product at 1910 cm'1. These results show 
that the rate of formation of the new ruthenium species is similar to the rate o f decay of (1) 
(kobs(growth) = 4.35 x 10'3 s'1; kobs(decay) = 4.48 x 10'3 s'1). (NB: The rate of the reaction 
was calculated by plotting Ln[intensity] as a function of time. The intensity was defined as
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follow: Intensity = |At - Aoo| with At= being the absorbance at a time t and A«> the 
absorbance at t infinity.)
On the same analytical basis the variation of the intensity of the peaks in the ketone 
region resulted in a series of plots as shown in Spectra 2.3. for the carbonyl peaks of (61a) 
and (62a). As seen before, this variation readily converted to a plot of the variation in 
intensity versus time as shown in Graph. 2.2. ((d) for the decay of (61a), and (c) for the 
growth of (62a)). These two curves fit to an exponential function and the log plot shows 
that the decrease in the concentration in (61a) matches the growth in concentration of (62a) 
(kobs(growth) = 1.41x 10'3 s'1; k0bS(decay) = 1.31 x 10'3 s'1).
It is interesting to note that the rate constant for depletion of (1) is approximately 3 
times faster than the rate constant for the loss of (61a). This in turn shows that activation to 
give the catalytically active species is not the rate determining step, a point which has 
already been suggested by various authors.21,22 Moreover, we observed that full conversion 
of (1) to the new Ru-CO species occurs prior to any C-C coupling product being observed, 
and that the IR band of this new species (1910 cm'1) remains until the end of the reaction 
suggesting that this species is possibly the active catalyst of the reaction.
0.140
















Spectra 2.2. - IR spectra of the ruthenium carbonyl region.
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Spectrum 2.3. - IR spectra showing changes in concentration o f (61a) and (62) with time.
44













































































-  CD 
LTD
30 25 15 10
Intensity (x 10s)
-5
G raph. 2.1. Plot (A): Variation in concentration o f (1) curve (a), and o f the Ru-CO 
curve (b).
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Graph 2.2. Plot (A): Plotting the variation in intensity o f the (61a) curve (d), and of 
(62a) curve (c).
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2.2.3. Influence of the nature of the alkene and ketone upon the IR signals of the Ru- 
CO species.
When toluene solutions of (1) were reacted with CH2=CHSiR3 (R= OEt (60a), Me 
(60b), Ph (60c)) [Table 2.1., Run 1, 3, 5] at 100 °C and followed by IR, rapid depletion of 
the band due to (1) at 1941 cm' 1 was observed. New species appeared depending on the 
nature of the alkene substrate with absorption bands at 1918 cm' 1 (R = OEt, Run 1), 1920 
cm' 1 (R = Me, Run 3) and 1925 cm' 1 (R = Ph, Run 5) [Figure 2.7.]. A close look at the 
observed rate constants for Runs 1, 3, and 5 [Table 2.1] shows that the kobs of reaction 
(decay and formation) is largely influenced by the nature of the alkene. These can be scaled 
down as kobs (60b) > kobs (60c) > kobs (60a), which implies a faster reaction of (1 ) with (60b) 
rather than with (60a).
This observed reactivity of (1) with vinylsilane alkenes (60a-c) suggests that the 
newly formed species is alkene dependant. On the basis of reported work, 2 2 it would seem 
rational to suspect a Ru(PPh3)2(CO)(alkene) species to be formed. Nevertheless the 
observed IR bands (1918, 1920, and 1925 cm'1) are inconsistent with the formation of a 
Ru(0) species2 3 ,2 4  and are more in line with Ru(II) species. 25  Therefore we must conclude 
that although the final product of these reactions is not a Ru(PPh3)2 (CO)(alkene) species, 
alkene must somehow be involved in the nature of this species.
In a similar way, when repeated under the same reaction conditions but by using an 
equimolar mixture of (61a) and CH2=CHSiR3 [Table 2.1., Run 2, 4, 6 ], depletion of (1) 
was observed and new species appeared which showed an absorption band at 1910 cm' 1 
(Run 2), 1920 cm' 1 (Run 4), and 1925 cm' 1 (Run 6 ) [Figure 2.7.]. The rate of growth of 
these new species was found to be fairly similar, and to be independent of the nature of the 
ketone. In fact when comparing Run 3 to 4 and 5 to 6 , it appears that a similar species is 
observed independently to the presence of (61a) (NB: the peculiarity observed in Run 1 /2  
is discussed in Chapter 2.2.9.). Finally addition of (61a) to the reaction mixture resulted in 
a decrease of the rate of formation of these new species.
These measurements point out that the product species is unaffected by the presence 
of ketone if the alkene is either CH2=CHSiMe3 or CH2=CHSiPh3 . However peculiar 
behaviour is observed in the case of CH2=CHSi(OEt)3 , point which will be reviewed later 
in this chapter on the basis of further observations.
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Finally the fact that kobs of product formation (or loss) is slowed down when ketone, 
and alkene is introduced simultaneously into the system suggests that the observed rate for 













k3 (breakdown of ketone adduct) is rate determining step
Figure 2.6.
Run (1) with: IR Band Heating at IR band of kobs
of(l) 100 °C final Ru (s'1)
species
1 (60a) 1941 cm' 1 => 1918 cm' 1 3.50 x 10'3
2 (60a) + (61a) 1941 cm' 1 => 1910 cm' 1 1.25 x 10'3
3 (60b) 1941 cm' 1 => 1920 cm' 1 4.35 x 10'3
4 (60b) + (61a) 1941 cm' 1 1920 cm' 1 1.31 x 1 0 ' 3
5 (60c) 1941 cm' 1 => 1926 cm' 1 3.75 x 10'3
6 (60c) + (61a) 1941 cm' 1 1925 cm'1=> 1.28 x 1 0 ' 3
Table 2.1. - Reaction o f (1) with various alkenes (60a - c) and/or (61a).
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2.2.4. Influence of alkene on the rate of formation of C-C coupling product.
The kinetic measurements reported in this section (by means of kobS), come from 
monitoring the carbonyl bond for the ketone and the C-C coupled product.
2.2.4.1. Influence of the concentration of (60a).
2.5
P lo t 2: CH 2=CH Si(O Et)3 + 2 '-m e th y la c e to p h e n o n e  (Low  
C one .)
P lo t 1: CH2=CHSi(OEt)3 + 2 '-m e th y la c e to p h e n o n e  (High 
C one.)
2







21.2 1.4 1.6 1.80 0.2 0.4 0.6 0 .8 1
[a lkene] (m o l.d m '3)
Graph 2.3. - Plot o f k0bs vs [60a].
When first examined, a relatively concentrated mixture was used with (1) (9.9 x 10" 
5 mol), (61a) (9.9 x 10"4 mol), and (60a) (0.3 - 4 x 10"3 mol) in 2 ml of toluene, which 
resulted in Plot 1 on Graph. 2.3., Surprisingly as the concentration of (60a) increased, the 
rate of the reaction rapidly decreases approaching a very slow conversion at high 
concentration. To probe whether this inhibition was the result of high concentrations giving 
a highly viscous solution, analogous measurements on a dilute mixture were performed. 
Thus using concentrations of (1) / (60a) / (61a) of respectively 5 10"5 mol / 0.5-2 10"3 mol /
0.5 10"3 mol in 2 ml of toluene gave the variation with alkene concentration show in Plot 2, 
Graph 2.3. i.e. the same pattern as seen for the higher concentration system. The inhibitory 
effect was seen to be independent of the nature of the ketone used; the same trend was 
observed using (61b) instead of (61a) [Graph 2.3., Plot 3].
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Preliminary evidence from NMR studies suggests that the retardation, certainly at 
high concentrations of (60a), arises from a side reaction between (1) and (60a) [See 
Chapter 2.2.9],
2.2.4.2. Effects on kobs of varying the concentration of (60b) and (60c).
The influence of the alkene concentration was further investigated by means of the 
silyl substituted alkene derivatives (60b) and (60c). A plot showing the observed rate 
constants for formation of 2’-methyl-6’-[2-(trimethyl)ethyl]acetophenone (62b) as a 
function of the concentration of (60b) is shown in Plot 2, Graph. 2.4. A plot of kobs versus 
[60b] is linear and gives a second order rate constant for reaction of 8.5 x 10'3 
dm3.mol'1.s'1. When (60b) was replaced by (60c), the variation of kobs with [alkene] was 
also linear [Graph 2.4., Plot 3], but now the second order rate constant ki is approximately 
3 times slower at 3.3 x 1 O'3 dm3.mol'1.s'1
12
O Plot 1 : 4 '-flu o ro ace to p h en o n e  + CH2=CHSiMe3
10
Plot 2 : Z -m eth y lace to p h en o n e  + CH2=CHSiMe3




1.20.8 10.2 0.4 0.60
C oncen tra tion  of a lkene. (m ol.dm '3)
Graph. 2.4. - Variation o f [60b] or [60c] with (61a) or (61b) and (1).
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When the ketone was changed from (61a) to (61b) and the value of the rate constant 
monitored as a function of [60b] (varied from 0.4 - 1.1 mol.dm'3) a clear variation of kobs 
was seen with a second order rate constant of 7.4 10'3 dm3.mol'1.s'1 [Graph 2.4., Plotl], 
This value is with experimental errors of that in Plot 2 [Graph 2.4.] suggesting that the rate 
o f reaction of (60b) with ketone is independent of the nature of the ketone. The smaller 
value of ki for (60c) may reflect either a steric or electronic effect or a combination of both.
2.2.5. Effect of ketone concentration on rate of formation of C-C coupling product.
2.2.5.1 . Influence of the concentration of (61a)
Following the same pattern, varying the concentration (61a) from (0.18 to 1.2 
mol.dm'3 with a ratio of (1) / (60a) of (5 x 10'5 mol / 0.5 x 10'3 mol) in 2 ml of toluene 
resulted in Graph. 2.5., As seen from Graph 2.5., a peculiar influence of the concentration 
of (61a) on k0bS is observed. In fact, as the concentration of ketone increased, the rate was 
found to increase linearly up to a maximum and then decrease linearly. Interestingly the 








0.4 0.6 1.2 1.40.8 1
Concentration of ketone (mol.dm'3)
Graph. 2.5. - Variation o f [61a] with (60a) and (1).
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2.2.5.2. Variation of the concentration of (61a) or (61b) with (60b) or (60c).
To probe whether this unexpected influence of ketone concentration was peculiar to 
the use of (61a), we changed the alkene to both (60b) and (60c). The resulting trends are 
shown in Graph 2.6. (Plot 1 for (60b) and Plot 2 for (60c)). In both cases the rate 
dependence for the conversion of ketone showed no major change in the profile already 
seen with (60a). Again, maximum rates are achieved with a ratio of alkene to ketone of 1:2.
Upon changing from (61a) to (61b) an apparent linear variation of kobs with 
[ketone] was seen using (60b). However, 4-fluoroacetophenone can undergo C-C coupling 
at the two available sites ortho to the ketone group. Thus the data in Plot 3 [Graph 2.6.] is 
not comparable to that in either Plot 1 or 2.
6.5
Ptot 1 : CH2=CHSMe3 + 2'-methylacetophenone5.5
Plot 2 : C H yO IS iP P h j + 2'-methylacetophenone







0 0.1 0.2 0.3 0.4 0.9 10.5 0.6 0.7 0.8
C o n e e n tra tr io n  o f k e to n e , (m o l.dm '3)
Graph. 2.6 - Kinetic effect o f the concentration o f the (61a) or (61b) the rate o f the Murai 
reaction using (60b), or (60c) with (1).
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2.2.6. Influence of the catalyst concentration.
In order to improve our understanding of the chemistry of the Murai reaction, the 
effect of varying the concentration of (1) on the rate of the C-C coupling product was 
investigated. The concentration of catalyst precursor was varied from 0.01 mol.dm'3 to 0.05 
mol.dm'3, keeping the concentration of the ketones and alkenes substrates constant (0.5 x 
1 O'3 mol). As expected the rate of conversion of ketone was found to be linearly dependent 
on the concentration of the ruthenium complex [Graph. 2.1,].
When using (60b) with either (61a) [Graph 2.7., Plot 2] or (61b) [Graph 2.7., Plot 
3] a first order dependence of the reaction upon the concentration of catalyst was observed 
which passes through the origin. However although a linear dependence of the rate is 
observed using (60a) and (61a) [Graph 2.7., Plot 1], it does not appear to be strictly first 
order with a highly negative intercept. Analysis of Plot 1, shows that excess of (1) must be 
introduced into the system before any reaction is observed. This observation suggests that 
(1) is being consumed by some side reaction [See Chapter 2.2.9.] rather than performing 
catalysis.
6 -
Plot 1 . CH2=CHSiOEt3 + 2'-methytacetophenone5
Plot 2 : CH2=CHSiMe3 + 2'-methylacetophenone







0.05 0.060 0.01 0.02 0.03 0.04
C o n c e n t r a t i o n  o f  c a t a l y s t  ( m o l . d m '1 )
Graph. 2.7. - Kinetic effect o f the concentration o f (1) on the rate o f the Murai reaction.
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2.2.7. Influence of triphenylphosphine concentration.
It has been suggested by various authors3’21’22 that free triphenylphosphine must be 
produced during the reaction of (1) with the alkene substrate to produce the active catalyst, 








As seen from Graph 2.8. addition of triphenylphosphine to the reaction mixture 
resulted in a non linear decrease of the rate of the reaction. This inhibition of k^s upon 
addition of PPh3 suggests that the proposed loss of phosphine from the catalyst precursor 
does occur during the first step of the reaction. Nevertheless the non-linear behaviour 
implies that at higher concentration of PPh3, other coordinatively unsaturated species may 
also be undergoing trapping by phosphine.
2.5
RuH2(PPh3)3CO + CH2=CHSiOEt3 + 2-methylacetophenoneO
_  1.5
0.5
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Concentration of PPh3 (mol.dm'3).
Graph. 2.8. - Kinetic effect o f the concentration o f triphenylphosphine on the rate o f the 
Murai reaction. [(1) /  (60a) /  (61a) : 5 x I f f5 m
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2.2.8. Temperature effects on the Murai reaction.
In order to gain more insight into the reaction mechanism the activation parameters 
of the reaction were considered. This study was achieved by varying the temperature from 
358 K to 403 K for a solution consisting of (1) (9.9 10'5 mol) with either (61a), or (61b) 
(0.18 10‘3 mol) and either (60a), (60b), or (60c) (0.18 10‘3 mol) in 2 ml of toluene.
In each case the rate of the reaction was found to proceed as expected, with kobs 















355 360 365 370 375 380 385
T (K)
390 395 400 405 410
Graph. 2.9. Example o f the observed variation o f the rate constant depending on the 
reaction temperature represented here for (60b) with (61b).
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The activation parameters where calculated using the Arrhenius equation:
k = A . e - E*/RT
where: k is the rate constant for the reaction,
A the pre-exponential factor.
Ea energy of activation.
R = 8.31433 (gas constant).
T the temperature in Kelvin.
A plot of {ln(kobs) vs 1/T} o  { In ( kobs) = ( - Ea / RT) + In A gives a straight line of 
slope -Ea / RT from which is derived the Ea of the reaction (Ea = (slope) . R) as shown in 
Graph 2.10. and Graph 2.11. The activation energies for all the reactions are summarised 
in Table 2.2.
Since the activation energy is a function of the free energy of the reaction, it was 
possible to deduce the enthalpy and entropy of activation of the reaction [Table 2.2.] by 
plotting In (kobs / T) vs 1 / T (Eyring equation) [Graph 2.12,].
l n ( k / T )  = - (  AH*/ RT) + In (K/h )  + ( AS* / R )
where: k is the rate constant for the reaction.
AH’6 the enthalpy of activation (kJ.mol"1)
AS* the entropy of activation (J.mol'1.K'1)
R = 8.31433 gas constant. K = 1.38 x 10*23 JK’ 1 (Boltzman constant)
T the temperature in Kelvin. h = 6 . 6  x 10'34 (Planck constant)
The activation parameters of the reaction extracted from the temperature 
dependence experiments on the reactivity of 2 ’-methylacetophenone towards CH2=CHSiR3 
(R= OEt, Me, Ph) and Ru(PPh3)3(CO)H2 were found to be very similar. The activation 
parameters for various sets of alkenes and ketones were deduced. At this stage it is not 
certain to what extent these relate to a particular step in the reaction. Therefore further 
investigations are required in order to assert these to a step of the reaction [Table 2.2.].
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A lk e n e T e m p e r a tu r e , 1 0 3kobs E a A H * A S*
K (s'1) ( k J - m o l 1) ( k J . m o l 1) ( J . m o l ' . K 1)
T  r ie th o x y v in y l s i l a n e 3 5 8 0 .3 1 4
J _ 3 7 3 1 .4 4
T
3 8 0 1 .7 8
2  ’- m e th y la c e t o p h e n o n e 3 8 8 1 .9 4
3 9 6 3 .0 1
4 0 3 3 .7 2 5 8 .4 5 5 .3 1 5 6 .0
T r im e th y lv in y l s i l a n e 3 5 8 0 .7 0 9
_1_ 3 6 6 1 .2 3i
3 7 3 1 .8 8
2  ’ - m e th y la c e t o p h e n o n e 3 8 0 2 .8 5
3 8 8 4 .2 6
4 0 3 5 .8 3 6 9 .2 6 6 .1 1 2 2 .0
T  r ip h e n y lv in y l s i l a n e 3 5 8 0 .4 8
3 6 6 0 .7 7
T
3 7 3 1 .4 2
2  ’ - m e th y la c e t o p h e n o n e 3 8 8 1 .9 8
4 0 3 4 .1 0 6 0 .3 5 7 .1 1 4 9 .8
T  r i e t h o x y v in y l s i l a n e 3 5 8 0 .5 6
3 6 6 0 .8 1
i
3 7 3 1 .9 5
4 - f lu r o a c e to p h e n o n e 3 8 0 2 .6 3
3 8 8 3 .1 7
3 9 6 9 .7 1
4 0 3 1 0 .5 0 8 1 .3 7 8 .2 7 1 .1
T  r im e th y lv i n y l s i l a n e 3 5 8 1 .0 5
+ 3 6 6 2 .2 5
3 7 3 4 .0 5
4 - f lu o r o a c e to p h e n o n e 3 8 0 7 .0 5
3 8 8 1 0 .3 0
3 9 6 1 9 .9 0
4 0 3 2 6 .6 0 8 6 .1 8 2 .9 9 0 .8
Table 2.2. - Activation parameters for the Murai reaction.
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-4.5
(1) CH2=CHSi(EtO)3 + 2'-methylacetophenone
(2) CH2=CHSiMe3 + 2'-methylacetophenone




0.00275 0.00280.00245 0.0025 0.00255 0.0026 000265 0.0027
1/T
Graph. 2.10. - Plot o f ln(k0bs) vs 1/Tfor (61a) with (60 a - c)
(1) CH2=CHSi(EtO)3 + 4' fluoroacetophenone
-3.5






0.00245 0.0025 0.0027 0.00275 0.00280.00255 0.0026 0.00265
1 rr
Graph. 2.11. - Plot o f ln(k0bf) vs 1/Tfor (61b) with (60 a, b).
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CH2=CHSi(Me)3 + 4'-fluoroacetophenone
0.00245 0.0025 0.00255 0.0026 0.00265
1 /T (S 1)
0.0027 0.00275 0 0028
Graph. 2.12. - Plot ofln(kQbs) vs 1/Tfor (60a) with (61 b)
2.2.9. NMR investigation of the reaction of (1) with (60a)
In order to understand the surprising reactivity seen between (1) and 
CH2=CHSi(OEt)3 (60a), NMR investigations on this reaction were conducted. The reaction 
of (1) with a 2 fold excess of (60a) was carried out at 120 °C. After 5 min, the 3IP{1H} 
spectrum of the resulting solution showed formation of two new species, one showing a 
singlet at 50.9 ppm and the other displaying a doublet and triplet at 52.8 and -34.7 ppm (Jpp 
= 15.8 Hz). These two species were assigned to Ru(CO)2(PPh3)3 (3) (on the basis of 
independent synthesis) and Ru(PPh3)2(PPh2(o-C6H4))(CO)H (23) [See Chapter 3.2.2.I.] 
[Scheme 2.8.J. After one hour (3) was dominant and full conversion was observed after 5 
hours.
^ ^ S i(O E t ) 3
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The importance of the concentration of (60a) was probed by reacting (1) with a 20
fold excess of (60a) resulting in the full conversion of (1) into (3) after two hours at 120 °C.
Furthermore, the formation of another species displaying a singlet at 56.6 ppm was
observed after 5 hours. This proved to be Ru(CO)3(PPh3 )2  (4) [Scheme 2.9.].
= / Si(OEt )3
( 1 ) ---------------------------   Ru(PPh3)2(CO)3
120°C, 5 hours 
Toluene
Scheme 2.9.
On the basis of these observations we propose that decarboxylation of the ethoxy 
group of the (60a) must occur, leading to formation of the catalytically less active (3) and 
(4) [See Chapter 3.2.I.5.], In order to verify the possibility of decarboxylation of the 
ethoxy moiety by the species formed upon reaction of (1 ) with an alkene, we decided to 
react (1) in ethanol under one atmosphere of ethene at 120 °C for 2 hours which resulted in 
complete conversion of (1) into (4) [Scheme 2.10.].
 y Si(OEt)3
( 1 ) -----------------------   Ru(PPh3)2(CO)3
120°C, 2 hours 
EtOH, CH2CH2 (1 atm)
Scheme 2.10.
Finally the side reaction described in Scheme 2.10. was probed under catalytic
conditions by reacting a 1:10:60 mixture of (1) / (60a) / (61a) at 120°C. After 1 hour partial
formation of (62a) was observed along with (3) and (4) (detected by 31P{1H} NMR)
[Scheme 2.11.]. NB: Formation of (3) was also observed when reacting a 1:10:10 mixture
of (1 ) / (60a) / (61a).
O | O
Si(OEt)3
+ = /  ---------------------- - I I (63a)
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Decarboxylation of alcohols has been observed previously, such as decarboxylation 
of EtOH by Ru(PPh3)3(H2)H2 . Decarboxylation of alkenes with alkoxysilyl substituents 
have been reported by Komiya et al who proposed a mechanism for the reactions involving 
the cleavage of C-O, Si-0 and OC-CH„ bonds as key steps. Finally Hiraki et al. have 
observed the formation of di- and tricarbonylruthenium(O) species from (1 ) via 
decarboxylation of methyl benzoates.22
2.3. Conclusion.
Although the IR study of the catalytic addition of aromatic carbon-hydrogen bonds 
to alkenes with the aid of ruthenium complexes proved initially to be more complicated 
than our first expectations, our work has proven the viability of the FTIR / CIR technique 
to study such a catalytic process, leading to an important determination of kinetics.
We have observed the strong inhibition of the reaction in the presence of high 
concentrations of PPh3, and (60a). In the case of (60a) it has been shown that a side 
reaction occurs between (1 ) and (60a), proceeding via decarboxylation of the ethoxy 
moiety leading to formation of un-reactive Ru(PPh3)3(CO) 2 and Ru(PPh3)2(CO)3. 
Meanwhile the PPh3 inhibition is consistent with the proposed loss of PPh3 during the 
Murai reaction.
Kinetic experiments on the dependence of silyl alkene’s concentration such as 
CH2CHSiR3 has shown the reaction to be first order in alkene concentration when R = Me 
and Ph. Moreover the importance of the R group on the silyl alkene has been observed 
leading to a side reaction in the case of (60a) and a lower activity of R = Ph relatively to R 
= Me.
We have observed a peculiar influence in ketone concentration which is found to be 
independent of the type of alkene used, leading to the observation of a two step process. In 
a first step a linear increase of the rate of the reaction upon addition of ketone is observed, 
followed by an inhibition step when a ratio of ketone to alkene equal to 2:1 is reached. We 
have not been able to determine whether this inhibition is due to a competition process 
between alkene / ketone coordination or to a side reaction between the ketone and the 
active catalytic species. At this point, further studies are required to try to fully understand 
this unusual kinetic data.
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The reaction has shown to be first order in catalyst precursor and finally the
activation parameters of the overall process have been determined.
This study represents the first kinetic insight in the Murai reaction and is followed
by synthetic observations in Chapter 3.
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Chapter 3.
Synthetic investigation of the Murai reaction.
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3.1. Introduction
As seen in Chapter 2 it was proposed that the remarkable regioselectivity for the 
position a  to the ketone group in the Murai reaction is due to coordination of the carbonyl 
group to the ruthenium (so-called ‘chelation assistance’) to give intermediate (b) [Scheme 
3.1] . 1 The ortho C-H bond sits in close proximity to the metal centre and can be easily 
activated to give the ortho metallated complex (c). The importance of species such as (b) 







^ ^ R u
Scheme 3.1. - Proposed mechanism for the Murai reaction.
Other features of the above mechanistic cycle are of interest. In the first step, 
hydrogenation of the alkene by (1 ) yields a coordinatively unsaturated fragment (a), which 
may be the 16-electron species Ru(PPh3)3(CO). This would presumably be rapidly trapped 
by alkene to afford a ruthenium(O) alkene complex.
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Fragmentation o f Ru(CO)(PPh3)3(alkene) must occur in the next step of the cycle to 
provide a vacant coordination site for binding of the ketone and subsequent C-H activation, 
although it is not clear what other ligands are attached to ruthenium in this catalytically 
active species. The density functional studies have shown that the energies of activation for 
the ortho-, meta- and para C-H bonds in benzaldehyde by Ru(PH3)3(CO) are remarkably 
similar and that only the 14-electron species Ru(PH3)2(CO) displays preference exclusively 
for the ortho site. 2 ,3 This provides support for Ru(PH3)2(CO) as a reasonable candidate as 
the active species for the Murai reaction.
In order to assess these observations and postulated mechanism, a synthetic 
approach has been used by several research groups, 4 -7 leading to major observations. It has 
been shown by Weber et al. that (1) reacts with (CH2CH)2 SiMe2 in the presence of a 
stoichiometric amount of styrene to give the zero-valent ruthenium alkene complex 
Ru(PPh3)2(CO)[Ti-(CH2=CH)SiMe2 ] (7) [Scheme 3.2. ] 4
P P h 3  _
I
( 1 ) ------------------►  O C -Ru " (7 )
Scheme 3.2.
Further work by these authors later demonstrated that (1) reacts with a 
stoichiometric amount of styrene followed by o-acetylstyrene to give the alkene complex 
[Ru(PPh3)2(CO){CH3C(0 )C6H4CH=CH2 }] in which both the C=0 and C=C groups are 
bonded to the metal centre [Scheme 3,3. ] . 5
(1 )
Ph
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In contrast to high temperatures required for Murai catalysis with (1), Chaudret 
and co-workers have recently reported that Ru(PCy3)2H2 (H2 )2  (6 ) acts as a precursor for 
the coupling of ethene with acetophenone or benzophenone at room temperature.6 The 
ort/zometallated species Ru(PCy3)2(o-C6H4 C(0 )X)(L)H (X = CH3 or C6H5 , L = H2 or CO) 
have been directly prepared from Ru(PCy3)2H2(H2 ) 2  and also function as catalysts in the 












Tn a later example, Drouin et al. have reported that the ortho metallated Ru(l,4- 
bis(dicyclohexylphosphino)butane)(CO)[OC(C6H4)(Ph)]H shows modest activity but 
improved stability over the PCy3 systems, which were unstable at elevated temperatures 
[Scheme 3.5.].7 Thus, 58% conversion of benzophenone to 2-ethylbenzophenone is found 









We were interested in examining the catalytic activity of similar ortho metallated 
species with triphenylphosphine ligands in order to make direct comparisons with species 
proposed to be on the Murai catalytic pathway. In this chapter, we report the synthesis and 
reactivity of compounds related to possible intermediates in the proposed mechanism 
[Scheme 3.1.], as well as to discuss in more detail this mechanism in light of our NMR 
observations and collaborative density functional calculations.
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3.2. Results and discussion.
3.2.1. Synthesis and reactivity of species directly related to the M urai reaction.
3.2.1.1. Synthesis of Ru(PPh3)3(CO)Cn2-C2H4 ) (12)
The stoichiometric reaction of (1) with CH2=CHSi(OEt) 3  in toluene at 135°C has
been reported to give triethoxyethylsilane, but there has been no attempt to establish the
fate of the remaining 16-electron ruthenium fragment. 1 When we used ethene rather than
CH2=CHSi(OEt)3 , ethane was produced upon reaction with (1) in toluene at 120°C and a
yellow microcrystalline solid was isolated which has been identified as Ru(PPh3)3(CO)(r| -
C2H4) (1 2 ) [Scheme 3.6.].
PPhh P P h 3






H C 6H5CH3, 120°C
Ru
H H
P P h ,
C O
P P h,
P P h ,
+ C2 H5
The complex showed a single band in carbonyl region at 1854 cm'1, consistent with 
a zero-valent ruthenium species. The 31P{1H} NMR spectrum of (12) in d8-toluene at 298 
K showed a broad singlet at 5 48.4, indicating that the complex is rapidly fluxional 
[Spectrum 3.1., (a)]. This was confirmed by the room temperature !H NMR spectrum 
[Spectrum 3.2., (a)], which exhibited a single broad ethene resonance at 5 1.79. Cooling to 
203 K led to sharpening of the 3 1P{1H} NMR spectrum into a doublet and a triplet (Jpp =  
9.7 Hz) [Spectrum 3.1., (c)], while decoalescence of the ethene resonance was seen in the 
proton NMR spectrum leading to two peaks in a 1:1 ratio at 1.33 and 2.34 ppm, although 
these were still quite broad [Spectrum 3.2., (b)]. These VT experiments suggested that 
(12) is stereochemically nonrigid at room temperature, analogous to other Ru(0) ethene 
complexes such as Ru(r|2 -C2 H4)(CO)2(PtBu2Me)28a and Ru(r|2-C2H4 )(CO)2(dtbpe).8b 
Moreover both the 31P{1H} and !H NMR spectrum indicate that (12) oscillates between 
two structural configurations as shown in Scheme 3.7.. The ethene ligand is only weakly 
bound and was readily lost upon subjecting the compound to vacuum.
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(a)










44-J- 50 T"49—I-51 ppn
Spectrum 3.1. - Variable temperature n P{IH} spectrum o f (12) with: (a) 298 K; (b) 253K;
(c) 203K
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Spectrum 3.2. - Variable temperature *Hspectrum o f (12) with: (a) 298 K, (b) 203 K.
ppm
For such a simple compound, it is surprising that (12) has not previously been 
structurally characterized, although its lability in losing ethene may be an influential factor 
in this. The solid state structure of (12) was determined by X-ray crystallography and is 
shown in X-Ray 3.1. Selected bond distances and angles are given in Table 3.1..
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The geometry at the ruthenium centre is a distorted trigonal bipyramid with the
coordinated ethene ligand in the equatorial plane along with the CO and one PPI13 group,
consistent with well-established notion that the best o-donor groups occupy axial positions
and the best 71-acceptors lie in the equatorial plane.9 For the same reasons, the Ru-P(2)
bond length is shorter than both Ru-P(l) and Ru-P(3). These two axial phosphines bend
away from the equatorial PPI13 group {P(l)-Ru-P(3), 103.06(7)°; P(2)-Ru-P(3),
102.14(6)°} so that the (trans) P(l)-Ru-P(3) angle is only 153.79(7)°. The five atoms Ru,
P(3), C(55), C(56) and C(57) define a good plane with a maximum deviation of 0.03 A
from planarity. The C(55)-C(56) bond length of 1.451(11) A together with the reduction of
the angles around carbon indicate significant back-bonding from Ru to C 71* and
contribution from a metallacyclopropane structure. 10 However as seen in Table 3.2. the
Ru-C and C-C bond lengths can be compared with those reported for similar ruthenium 71-  
11 1 ^complexes, ’ as well as with those reported for platinum 71-complexes of vinylsilanes and 
vinylsiloxanes.13,14 The Ru-CO (1.972(11) A) bond is longer than observed in 
Ru(PPh3)2 (CO)((CH2CH)2 SiMe2) (1.848(12) A) and in Ru(P(CH3)2(C6H5))2(CO)(CH2CH2) 
Cl2 (1.831 (12) A) indicating less back bonding from the ruthenium to the carbon carbonyl 
in (12).4’15
Selected Bond Lengths [A]
Ru(l)-C(57) 1.972(11) P(l)-C(7) 1.841(7)
Ru(l)-C(55) 2.213(10) P(l)-C(l) 1.847(7)
Ru(l)-C(56) 2.199(8) P(2)-C(25) 1.835(7)
Ru(l)-P(l) 2.3498(19) P(2)-C(31) 1.844(7)
Ru(l)-P(2) 2.3825(19) P(2)-C(19) 1.862(7)
Ru(l)-P(3) 2.4148(18) P(3)-C(37) 1.838(7)
0(1)-C(57) 1.395(10) P(3)-C(49) 1.841(8)
C(55)-C(56) 1.451(11) P(3)-C(43) 1.855(7)
P(l)-C(13) 1.833(7)
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Selected Bond Angles [°]
C(5 7)-Ru( 1 )-C(55) 164.6(3) C(55)-Ru(l)-P(2) 96.30(18)
C(5 7)-Ru( 1 )-C(5 6) 126.4(3) C(56)-Ru(l)-P(2) 86.7(2)
C(55)-Ru(l)-C(56) 38.4(3) P(l)-Ru(l)-P(2) 153.79(7)
C(57)-Ru(l)-P(l) 83.4(2) C(57)-Ru(l)-P(3) 104.6(2)
C(55)-Ru(l)-P(l) 90.55(18) C(55)-Ru(l)-P(3) 90.62(19)
C(56)-Ru(l)-P(l) 83.1(2) P(l)-Ru(l)-P(3) 103.06(7)
C(56)-Ru(l)-P(3) 129.0(2) 0(1)-C(57)-Ru(l) 176.5(9)
C(57)-Ru(l)-P(2) 83.4(2) P(2)-Ru(l)-P(3) 102.14(6)
Table 3.1. - Selected bond lengths [A] and angles j°] fo r  Ru(PPhf)s(CO)(C2H 4).
Compounds C-C [A] Ru-C [A] [Ref]









[CpRu(/n2-C2H4)(dippe)] [BPI14] 1.43(2) 2.25(1)/2.20(1) [17]
Table 3.2. - Selected bond lengths [A] fo r  n-complexes.
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X-Ray 3.1. - X-ray structure o f (12). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omitted for clarity.
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3.2.I.2. Synthesis of Ru(PPh3)2(CO)(Ti4-(CH2==CH-CH=CH2)) (13)
H H






C6H5CH3> 120°C /  \  "P P h3r \
+  P P h 3
P P h 3 6n 5'^n 3»
O C
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Scheme 3.8.
Complex (12) reacted further with ethene to produce the butadiene complex 
Ru(PPh3)2 (CO)(r|4-(CH2=CH-CH=CH2)) (13) [Scheme 3.8.]. This was isolated as a light 
orange solid upon precipitation from cold hexane and showed a single band in the carbonyl
the room temperature 1H NMR spectrum [Spectrum 3.4., (a)], which exhibited 5 single 
broad resonances at 5 5.34, 5.00, 2.19, 1.22, and -0.74 and integrating in a 1:1:1:1:2 ratio.
o f the resonance at 5 -0.74 was seen leading to two broad quartet peaks in a 1:1 ratio at - 
0.74 and -0.86 ppm. Warming to 353 K led to the coalescence of the signals at 5 5.34 and 
5.00 to a broad signal at 5 5.11 ppm, coalescence of the signals at 5 2.19 and 1.22 to a 
broad resonance at 5 1.55, and sharpening of the signal at 5 -0.74 to a broad triplet at 5 - 
0.75 (Jhp = 7.2 Hz) [Spectrum 3.4., (c)]. Although the ^C^H } NMR spectrum of (13) 
supported the coordination of butadiene, it proved difficult to determine the exact structure 
o f (13) in solution.18'20 NB: The VT NMR data suggest the possibility of three rapidly 
inter-converting structures probably based around a piano stool type of structure.19
The structure of (13) was confirmed by the *H NMR shift of related diene 
complexes as shown in Figure 3.1., as well as by reaction of (1) with butadiene gas, which 
resulted in the formation of (13).
1 ^ 1 1  region at 1902 c m ', consistent with a zero-valent ruthenium species. The P{ H} NMR
spectrum of (13) in d8-toluene at 298 K showed two broad singlets at 5 60.7 and 47.8
indicating that the complex is rapidly fluxional [Spectrum 3.3.]. This, was confirmed by
Cooling to 273 K led to sharpening of the four signals at lower field, while decoalescence
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Ha Ha’ Hb Hb' He He' [Ref]
0.03 0.03 1.67 1.67 4.10 4.10 [18]
-0.55 -0.55 2.08 2.08 4.4 4.4 [19]
-1.07 -0.77 1.64 1.71 4.56 5.05 [20]
-0.22 -0.22 1.32 1.94 5.03 5.16 [20]
In order to understand whether or not this C-C bond formation from two molecules 
of ethene was restricted to ethene, we investigated die reactivity of (1) with styrene. At this 
point, we become aware of the studies of Hiraki et al. who had reported reaction of styrene 
with (1) to afford Ru(PPh3)2(CO)(PhCH=CH2)2, and of (1) with 1,3-dienes to afford 
Ru(PPh3)2(CO)(r|4-l,3-dienes) complexes.21 Their work on diene chemistry confirmed the 
nature of (13) but C-C bond formation between two molecules of styrene was not observed 
to generate a diene complex.
'IflOn the basis of the work described by Bohanna et al. for the formation of 
Os(P1Pr3)2(CO)(CH2=CH-CH=CHPh) it is possible to devise a possible mechanism for the 
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Scheme 3.10. - Proposed mechanism for the formation of (13),
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Spectrum 3.3. - 31P{1H} NMR spectrum o f (13).
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Spectrum 3.4. - Variable temperature JH  NMR spectra o f (13) at: (a) 298 K; (b) 273 K; 
(c) 353 K.
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3.2.1.3. Synthesis of Ru(PPh3)3(C6H4C(0)CH3)H (14) and Ru(PPh3)3(p-CH30 - 
C6H4C(0)CH3)H (15)]
Scheme 3.11.
Reaction of the labile dihydrogen dihydride complex Ru(PPh3)3(H2 )H2 (6) with 
acetophenone at 45°C gave the orange ortho metallated complex Ru(PPh3)3(C6H4C(0) 
CH3)H in high yield [Scheme 3.11.]. The IR spectrum of (14) showed two bands at 1940
displayed a doublet and a triplet ( J pp = 31.1 Hz), while the proton spectrum showed a high 
field hydride signal at -15.42 ppm split into a doublet of triplets ( J ph = 26.0 Hz, J ph  = 13.2 
Hz) and a singlet for the methyl group of the ortho metallated ketone at 1.36 ppm 
[Spectrum 3.5.], The poor solubility of the complex both in aromatic solvents (C6E>6, 
C6D5CD3) and d8-thf prevented satisfactory ^C^H} NMR data from being recorded.
Ru(PPh 3 )3(H2)H2
and 1574 cm'1 assigned to V r uc o  and V c o  respectively. The 31P{1H} NMR spectrum
K
(b)
- 1 *  ~ tt  - 1 4  - I B  - IB
Spectrum 3.5. - Spectrum o f  (14): (a) 31P {1H }; (b) 1H.
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The solid state structure of (14) was determined by X-ray crystallography and is 
shown in X-Ray 3.2. Selected bond distances and angles are given in Table 3.3.,
X-Ray 3.2. - X-ray structure o f (14). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen (apart from hydrides) atoms have been omittedfor clarity.
The coordination geometry around ruthenium is distorted from an octahedron with 
a compressed P(l)-Ru-P(3) angle of 158° resulting from the steric bulk of the PPh3 group 
in the equatorial plane. In comparison to the Ru-0 bond distances in the related ortho 
metallated complexes Ru(PPh3)2(C0)(C6H4C(0)CH3)Cl and Ru(PMe2Ph)2(CO)(C6H3CH3 
C(0)C6H4CH3)C1 (2.125(8) A and 2.093(10)72.136(11) A respectively), the Ru-0 bond
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length in (14) is considerably longer (2.211(2) A) due to its position treats to hydride rather 
than treats to chloride [Table 3.4.J.22,23 Nevertheless (14) is in within range for this type of 
ortho metallated compounds as shown in Table 3.4..
Selected Bond Lengths [A]
Ru(i)-C(l) 2.115(3) C(7)-C(8) 1.507(5)
Ru(l)-P(l) 2.3223(9) Ru(l)-0(1) 2.211(2)
Ru(l)-P(2) 2.3563(9) Ru(l)-P(3) 2.3259(9)
0(1)-C(7) 1.251(4) C(l)-C(2) 1.417(5)
C(l)-C(6) 1.428(4) C(2)-C(3) 1.377(5)
C(3)-C(4) 1.394(5) C(4)-C(5) 1.373(5)
C(5)-C(6) 1.401(5) C(6)-C(7) 1.448(5)
Selected Bond Angles n
C(l)-Ru(l)-0(1) 76.68(10) C(l)-Ru(l)-P(l) 83.49(9)
0(1)-Ru(l)-P(l) 94.46(6) C(l)-Ru(l)-P(3) 82.00(9)
0(1)-Ru(l)-P(3) 97.19(6) P(l)-Ru(l)-P(3) 158.76(3)
C(l)-Ru(l)-P(2) 168.12(9) 0(1)-Ru(l)-P(2) 91.48(6)
P(l)-Ru(l)-P(2) 98.57(3) P(3)-Ru(l)-P(2) 98.82(3)
0(1)-C(7)-C(8) 118.5(3) 0(1)-C(7>C(6) 119.1(3)
Table 3.3. - Selected bond lengths [A] and angles j° ]  fo r Ru(PPhs)3(o -C fi4C(0 )CHs)H.
Compounds Ru-Cf,U4 Ru-OC [Ref]
Ru(PPh3)2(C0XC6H4C(0)CH3)Cl 2.07(2) 2.125(8) [22]
Ru^MejPhMCOXCsHjCHj C^C sH iC H jJC l 2.044(17)/ 2.093(10)/ [23]
1.987(19) 2.136(11)
Ru(dcypb)(CO)[OC(C6H4 )(Ph)]H 2.144(2) 2.056(3) [7]
0s(PiPr3)2(C6F4C(0)CH3)H3 2.103(4) 2.141(3)A [24]
Table 3.4. -  Selected bond length in ortho metallated ketone complex o f ruthenium.
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In the same manner as already seen for (14), (5) reacted with /?-methoxy- 
acetophenone to afford the deep orange Ru(PPh3)3(p-CH30-C6H4C(0)CH3)H (15). The IR 
spectrum of (15) showed three bands at 1973, 1946, and 1580 cm'1 assigned to V r uc o , v r uh  
and vco respectively. As with (14), the poor solubility of the complex prevented any 
satisfactory NMR data from being recorded.





(14) R = H







(16) R  =  H
(17) R = OMe
Scheme 3.12.
Upon reaction of (14) with CO at room temperature, rapid loss of the equatorial 
PPh3 group occurred to give Ru(PPh3)2(C0)(C6H4C(0)CH3)H (16) in good yield [Scheme
3.12.], The hydride ligand in (16) appeared as a triplet at 5 -14.29 (Jph = 21.2 Hz) in the lH 
NMR spectrum [Spectrum 3.6.], while the ^C^H} NMR spectrum showed two low field 
triplets at 5 202.9 (J = 14.9 Hz) and 204.9 (J = 12.8 Hz), assigned to the metallated carbon 
and carbonyl ligands respectively on the basis of 1H-13C{1H} HMQC and HMBC 
experiments. The IR spectrum displayed three bands at 1932, 1899 and 1583 cm'1 assigned 
to Vru-h, vco and vRu-o=c respectively.
TT i T f r r T f t i - n 'T n ' r' 1 »
a 6 * z  -b  - z  -4  -6  - a  - l a  - 1 2  - 1 6
Spectrum 3.6. - ]H  NMR spectrum o f (16).
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X-Ray 3.3. - X-ray structure o f (16). Thermal ellipsoids are set at the 50% probability 
level Hydrogen (apart from hydrides) atoms have been omittedfor clarity.
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Selected Bond Lengths [A]
Ru(l)-C(27) 1.890(5) Ru(l)-C(21) 2.120(5)
Ru(l)-0(1) 2.188(3) Ru(i)-P(i) 2.3191(8)
Ru(l)-P(l)#l 2.3191(8) P(l)-C(13) 1.823(3)
P(l)-C(l) 1.836(3) 0(1)-C(19) 1.241(6)
0(2)-C(27) 1.153(6) C(19)-C(26) 1.507(7)
C(19)-C(20) 1.462(7) C(20)-C(21) 1.439(6)
C(20)-C(25) 1.400(7) C(22)-C(23) 1.394(7)
C(21)-C(22) 1.391(7) C(24)-C(25) 1.385(8)
C(23)-C(24) 1.388(7)
Selected Bond Angles [°]
C(27)-Ru(l)-C(2IJ 168.4(2) C(27)-Ru( 1 )-0( 1) 91.42(17)
C(21)-Ru(l)-0(1) 76.94(16) C(27)-Ru(l)-P(l) 92.97(2)
C(21)-Ru(l)-P(l) 87.67(2) 0(1)-Ru(l)-P(l) 92.82(2)
C(27)-Ru( 1 )-P( 1 )# 1 92.97(2) C(21 )-Ru( 1 )-P( 1 )# 1 87.67(2)
0(1)-Ru(l)-P(l)#l 92.82(2) P(l)-Ru(l)-P(l)#l 171.70(4)
C(19)-0(1)-Ru(l) 116.2(3) O(l)-C(19)-C(20) 118.8(4)
C(22)-C(21 )-Ru( 1) 132.8(4) C(20)-C(21 )-Ru( 1) 112.9(3)
0(2)-C(27)-Ru(l) 173.7(4)
Table 3.5. - Selected bond lengths [A] and angles [°] fo r  Ru(PPh3) 2 (CO) 
(o-C6H4 C(0)CH3)H
Although we were only able to obtain relatively mediocre quality crystals, the solid 
state structure of (16) was determined by X-ray crystallography as shown in X-Ray 3.3. 
Selected bond distances and angles are given in Table 3.5., The presence of the relatively 
small CO ligand in the equatorial plane relaxes the steric strain on the trans phosphine 
groups to give a P(l)-Ru-P(l) angle of 171°.
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Similarly (15) reacted with CO to afford Ru(PPh3)2(C0)(p-CH30-C6H4C(0)CH3)H 
(17). The :H NMR spectrum showed the hydride ligand in (17) appeared as a triplet at § -  
14.44 (Jpn =  22.0 Hz), while the 13C{!H} NMR spectrum showed two low field triplets at 
8  205.2 (J = 14.4 Hz) and 208.5 (J = 13.9 Hz), assigned to the metallated carbon and 
carbonyl ligands respectively. The IR spectrum displayed three bands at 2024, 1917 and 
1626 cm'1 assigned to v r u . h ,  v c o  and v r u_ o = c  respectively.
The structure o f (17) was determined by X-ray crystallography [X-Ray 3.4.] 
Selected bond distances and angles are given in Table 3.6.. Very little difference is seen in 
the structure for (16) and (17). Nevertheless elongation o f the Ru-Cphenyi is observed in (17) 
relatively to (16) (2.120(5) vs 2.105(2)A), accompanied by a shortening of the R u - 0  bond 
(2.188(3) vs 2.2041(14)A). This effect might be result from the increase in delocalisation 
of electron around the or^ometallated phenyl ring in (17) brought about by the oxygen of 
the methoxy moiety.
Selected Bond Lengths [A]
Ru(1)-H(99) 1.559(15) Ru(1)-C(46) 1.895(2)
Ru(1)-C(4) 2.105(2) Ru(1)-0(1) 2.2041(14)
Ru(1)-P(2) 2.3216(5) Ru(1)-P(1) 2.3381(5)
0(1)-C(2) 1.251(3) 0(3)-C(46) 1.148(3)
C(1)-C(2) 1.502(3) C(2)-C(3) 1.446(3)
C(3)-C(8) 1.410(3) C(3)-C(4) 1.422(3)
C(4)-C(5) 1.398(3) C(5)-C(6) 1.393(3)
C(6)-C(7) 1.403(3) C(7)-C(8) 1.377(3)
Selected Bond Angles n
C(46)-Ru(1)-C(4) 176.57(8) 0(1)-C(2)-C(3) 119.33(18)
C(46)-Ru(1)-0(1) 99.86(7) C(4)-Ru(1)-0(1) 76.73(7)
P(2)-Ru(1)-P(1) 171.197(19) C(3)-C(4)-Ru(1) 113.74(15)
C(2)-0(1)-Ru(1) 114.73(13)
Table 3.6. - Selected bond lengths [A] and angles j°] fo r  Ru(PPh3) 2 (CO)(p-CH3O-C6H4  
C(0)CH 3)H :
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X-Ray 3.4. - X-ray structure o f (17). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen (apart from hydrides) atoms have been omittedfor clarity.
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3.2.I.5. Synthesis of Ru(PPh3)2(Me2S0)(C6H4C(0)CH3)H.
Reaction of (14) with Me2SO at room temperature resulted in the rapid loss of the 








The proton NMR spectrum displayed a triplet hydride resonance at 5 -15.30 (Jph =  
24.6 Hz) while a singlet was observed for the coordinated Me2SO ligand at 5 2.09 
[Spectrum 3.7.]. The 13C{1H} NMR spectrum showed two low field triplets at 6 206.4 and 
195.2 (J = 15.8 Hz), assigned to the metallated carbon and Ru-0=C respectively on the 
basis of ^ -^ C ^ H }  HMQC and HMBC experiments. The IR spectrum displayed two 
bands at 1971 and 1571 cm'1 assigned to V r u-h  and v r u -o = c  respectively.
J
hF  Ml 1
» ■ rrf-iT'Tli 
-» -2
T^rnT">T^p-
- 4  - 6 -IB - 1 2  - M  ppm
Spectrum 3.7. - JH N M R  spectrum o f  Ru(PPhs)2(Me2S0)(CtH4C(0)CHs)H).
The structure of (21) was elucidated by X-ray crystallography [X-Ray 3.5.] 
Selected bond distances and angles are given in Table 3.5., The structure shows that the 
Me2SO ligand is sulfur-bound and occupies an equatorial site with a Ru-S bond distance of 
2.3083(11) A. The P-Ru-P angle of 157.7° is close to that found in (16). The Ru-C bond 
lengths to the sp2 ortho metallated carbon on the aromatic ring in (14 - 17) and (21) are all
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very close (2.100(5)-2.120(5) A) and thus essentially independent of the trans ligand (PPh3, 
CO orDMSO)
X-Ray 3.5. - X-ray structure o f (21). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen (apart from hydrides) atoms have been omittedfor clarity.
87
P a r t i Chapter 3 -  Synthetic investigation o f  the M urai reaction.
Selected Bond Lengths [A]
Ru(l)-0(1) 2.183(3) Ru(l)-C(19) 2.100(5)
Ru(l)-P(l) 2.3143(12) Ru(l)-S(l) 2.3083(11)
S(l)-0(2) 1.477(4) Ru(l)-P(2) 2.3229(12)
S(l)-C(51) 1.802(5) S(l)-C(50) 1.788(5)
0(1)-C(44) 1.244(6)
Selected Bond Angles [°]
C(19)-Ru(l)-0(1) 77.64(15) 0(1)-Ru(l)-S(l) 86.78(9)
C(19)-Ru(l)-S(l) 164.41(14) C(19)-Ru(l)-P(l) 83.28(12)
0(1)-Ru(l)-P(l) 96.55(9) S(l)-Ru(l)-P(l) 98.57(4)
0(1)-Ru(l)-P(2) 98.20(9) C(19)-Ru(l)-P(2) 83.59(12)
P(l)-Ru(l)-P(2) 157.66(4) S(l)-Ru(l)-P(2) 98.93(4)
C(44)-0(1)-Ru(l) 114.6(3)
Table 3.7. - Selected bond lengths [A] and angles f°] fo r  Ru(PPhf)2 (Me2S0 )(C ^ i4 C(0 )  
CH3)H.
3.2.1.6. Catalytic activity of (12-17) and (21) for M urai chemistry.
As shown in the proposed catalytic cycle at the start of the chapter, Murai and co 
workers suggest that a Ru(C6H4 C(0 )CH3)H species is an intermediate on the way to 
ketone-alkene coupling. As seen already in Chapter 1 this postulate is based on the high 
regioselectivity observed in the C-C coupling, which can only be rationalised by ortho 
metallation of the ketone substrate with the ruthenium centre. This postulate is reinforced 
by several observations on the catalytic activities of ort/zo-metallated species.5"7 
Interestingly, two conflicting ideas have been suggested in the literature as to the other 
ligands attached to the metallated complex. It was first suggested by Trost et al.25 that CO 
must be first lost from complex (1) during the reaction [Scheme 3.14.] affording Ru(PPh3 )3  
as a catalytic species in the reaction. Alternatively, several observations points out loss of 
PPh3 rather than CO, affording Ru(PPh3)2(CO) as active species. Support for the CO
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* 25exclusion originated from the observed inhibition of the Murai reaction by CO gas, and 
was acknowledged in a recent publication by Chaudret et al.6b who demonstrated that
whereas Ru(PCy3)2(C6H4C(0 )CH3)(H2)H exerted catalytic activity, the carbonyl complex 
Ru(PCy3)2 (CO) (C6H4 C(0 )Ph)H remained catalytically inert.
Scheme 3.14. -
Nevertheless, most of these reported examples have been far from being true 
comparisons with the Murai system, due to the use of different types of ligand around the 
ruthenium centre. Therefore true comparative data is needed to realistically assess the 
importance of Ru ort/zo-metallated complexes on the pathway to C-C coupling. Complexes 
(16) and (17) represent direct comparisons to the proposed intermediates. Moreover, 
variations of the ligand cis to the hydride in (14), (16) and (21) from the weakly 
coordinated PPI13 and DMSO to the strongly coordinated CO ligand provides an interesting 
assessment on the importance of this coordination site.
In order to assess the catalytic activity of complexes (12-17) and (21) relative to 
Ru(PPh3)3 (CO)H2 , we chose to study the reaction of 2 ’-methylacetophenone with 
triethoxyvinylsilane, which were identified by Murai as the most reactive substrates 
[Scheme 3.15.].1 Blocking of the second ortho position on the ketone by a methyl group 
also removed the potential for a double insertion reaction. The results are summarised in 






S i(O E t)3
Scheme 3.15.
This study was conducted in refluxing toluene solution (5 mol% catalyst loading) 
and the extent of the C-C coupling reaction analysed by GC. Complexes (16, 17) and (21)
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proved inferior to (1), with the carbonyl complexes (16, 17) showing essentially zero 
catalytic activity in agreement with Chaudret’s studies on Ru(PCy3)2(CO)(o- 
C6H4C(0)CH3)H. These measurements suggest that CO binds too strongly in the 
coordination site that is important for catalysis to occur. The tris-phosphine complex 
Ru(PPh3)3(0 -C6H4C(O)CH3)H produced a higher yield of product compared to 
Ru(PPh3)3(CO)H2 over shorter periods of time, although the catalytic activity ultimately 
plateaued off leading to lower overall conversion after 2 h. It is not yet clear why this is the 
case, but we assume that the high temperature used for the reaction coupled to the poor 
thermal stability of (14) resulted in degradation of the catalyst over time.
Catalyst Reaction Time Coupling product TON TO F
(min) % (TON/h)
(1) 60 66
120 96 48 24
(12) 120 44 21 10
(13) 120 13 6-7
(14) 30 62
60 71
120 76 42 21
(21) 30 1 2
60 16
240 2 2 1 1 3
(16) 120 4
(17) 120 0-2
Table 3.8. - Catalytic coupling of 2’-methylacetophenone with triethoxyvinysilane
The catalytic study was extended to (12,13) in order to assess the importance of a 
Ru° alkene complex (generated in a first step of the reaction) on the reaction pathway. 
Although (12) proved active for the reaction, a lower yield of product was found by 
comparison to (1). This in turn suggests that although a Ru° alkene complex might be
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formed on the pathway to C-C bond formation the low activity o f this later does not place 
it directly on the way and (1 2 ) should therefore be considered more like a side product of 
the reaction. Similarly (13) showed really poor activity for the reaction; the formation o f a 
fairly stable diene complex might explain some of the limitations observed by Murai and 
co-workers in the use of diene compounds. 1 Nevertheless the formation of ethene and a 
conjugated diene complex such as (12) and (13) indicate unambiguously that (1) reacts 
with an alkene to give the highly reactive ruthenium(O) species Ru(PPh3)2 (CO). However, 
this point will be discussed further in C hapter 3.3. on the basis o f further insight into the 
catalytic cycle described later in this chapter.
We have investigated the effect of replacing the PPI13 ligands in (1) by AsPh3 , 
bidentate ligands such as dppp and arphos and changing the phosphine for the N- 
heterocyclic carbene ligand IMes ( = l,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene). 
Neither Ru(PPh3)2 (CO)2H2 nor Ru(PPh3 )(dppp)(CO)H2  proved active for the Murai 
reaction, the latter presumably due to the fact that it undergoes very rapid intram olecular 
activation of one of the dppp phenyl rings . 2 6  Hope for better activity using the weakly 
coordinating arsine ligand AsPh3 or the bidentate mix phosphine-arsine arphos proved 
unsuccessful; although Ru(AsPh3 )3 (CO)H2  showed some activity, it was poor. No activity 
was observed using Ru(PPh3)(arphos)(CO)H2 . Finally, although Murai reported similar 
catalytic activity for Ru(PPh3)2 (CO ) 3  and Ru(PPh3)3 (CO ) 2  to that seen for ( 1 ) but over a 
longer reaction time (6.5 hr vs. 2 hr) , 1 we were unable to repeat these observations even 
under similar reaction conditions and only poor activity for Ru(PPti3)3 (CO ) 2  was observed.
Finally in anticipation o f better activity, we looked at mixed phosphine N- 
heterocyclic carbene complexes o f ruthenium and were able to synthesise 
Ru(IMes)(PPh3)2 (CO)H2 , which displayed comparable activity to (1) under similar 
conditions [Chapter 5]. Nonetheless, the activity o f this carbene complex was not 
optimized and there is now evidence o f deactivation pathways from C-C / C-H cleavage to 
suggest that this precursor may not exhibit higher overall catalytic activity.
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3.2.2. In  situ  NM R investigations of the C-C coupling process: a new insight on the 
M urai reaction.
3.2.2.1. Investigation of the M urai reaction step by step.
In 2000, Hiraki et al. reported studies on the reaction of (1) with styrene and m- 
CF3C6H4C(0)CH3 [Scheme 3.16.];21 Their results showed the formation o f a series of 
isomeric or/Ao-metalled ketone complexes (shown in Scheme 3.16.) which were formed at 
70 °C during the reaction. Initially the czs-phosphine complex (22a) was formed, which 
readily converted to the trans phosphine isomer (22b) at this temperature. This finally 
isomerised to a second trans phosphine isomer with hydride trans to the activated aryl ring 















Scheme 3.16. - Observed C-H/alkene coupling reaction between (1 )  and 3 - 
(trifluoromethyl)acetophenone promoted by styrene.
In light of these interesting results, we decided to follow the reaction o f (1) with 
alkene and 2 ’-methylacetophenone in detail by NMR to look for similar isomeric species.
Reaction of a 1:1 mixture o f (1) with trimethylvinylsilane at 60 °C for 10 hours 
resulted in formation o f a stoichiometric amount of trimethylethylsilane and the metallated 
complex Ru(PPh3)2(o-C6H4PPh2)(CO)H (22) [Scheme 3.17.]. (22) displayed two
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phosphorus signals, a doublet at 5 52.8 (Pa) and a triplet at 5 -34.7 ppm (Pb, Jpp = 15.8 Hz), 
and a characteristic hydridic proton at 6 -8.27 (Jhp = 26.5 Hz, JHp = 83.4 Hz) [Spectrum









T ~T10 To ~T~-2030 20 -10
Spectrum 3.12. - JH  NMR and phosphorous spectra o f  (22).
The resonance from Pb, the phosphorus atom of the or//?o-metallated phosphine 
ligand, is at much lower frequency than the signal from any o f the other 
triphenylphosphine complexes that we have prepared. This low frequency shift for the 
phosphorus atom of an ort/zo-metallated triphenylphosphine is in the opposite direction to 
those found for metallated phosphites, 27 and phosphines where a five-membered ring is 
formed but in the same sense as that found in the phosphorus atoms of the metallated 
phosphines in Fe(PMe3)3(CH2PMe2)H, 29 Cr(PMe3)3(CH2PMe2)H30 and Ru(PPh3)2(o- 
C6H4PPh2)(CH2CH2)H.19
Addition of acetophenone to (22) at room temperature resulted in rapid formation 
of c/5 -Ru(PPh3)2(C0 )(C6H4C(0 )CH3))H (23) [Scheme 3.17.], (23) displayed two doublet 
phosphorus resonances at 5 40.0 and 5 36.5 (Jpp = 18.5 Hz), while the hydridic proton 
appeared as a doublet of doublets at 5 -5.84 (Jhp = 24.4 Hz, Jhp = 92.9 Hz) [Spectrum
3.13.], The ortho metallated acetophenone moiety displayed a broad doublet for the methyl 
group of the ortho metallated ketone at 6 1.76 (Jhp =1.7 Hz), while the remaining protons 
on the phenyl ring of the ketone were assigned on the basis of a *H COSY spectrum.
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Scheme 3.17. - Observed C-H/alkene coupling reaction between (1) and acetophenone 
promoted by trimethylvinylsilane.
In solution, thermal isomerisation of (23) readily occurred within days at room 
temperature to afford the trans phosphine isomer /rarcs-Ru(PPh3)2(C0 )(C6H4 C(0 )CH3))H 
(24), which in turn isomerised to (16). (24) displayed a triplet signal at -3.26 ppm ( Jhp = 
22.4 Hz), while the methyl resonance was seen as a singlet at 1.98 ppm. On the basis of the 
31P{1H}-1H HETCOR and !H COSY spectroscopy, the protons on the phenyl ring of the 
ketone were unambiguously assigned.
The relative rate of isomerisation of czs-phosphines complexes based on (23) into 
trans phosphine isomers similar to (24) and (16) has been observed to be dependent on the 
type of ketone used. In fact with 4-fluoroacetophenone up to 5 days were necessary, 
whereas bonded acetophenone converted within 2 days and 2-methylacetophenone within 
24 hr. It is not yet quite clear why this is the case and further work in this regard is needed.
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u Ul
3lP{lU}
Spectrum 3.13. -  and 31P{]H} NMR spectra of (23).
As the reactivity of (16) toward the Murai chemistry had been studied, we set out to 
investigate the reactivity of the isomers (23) and (24). Addition of 2 equivalents of 
trimethylvinylsilane to a C J )6  solution of (23) in a Youngs resealable NMR tube resulted 
in formation of 2 -(trimethyl-ethyl-silane)acetophenone, and 2 ,6 -di(trimethyl-ethyl-silane) 
acetophenone (both characterised by JH NMR spectroscopy) within hours at room 
temperature. Addition of 2 equivalents of trimethylvinylsilane to a Youngs NMR tube 
containing a mixture of (24) and (16) in C6D6 resulted in formation of (62) (mono and di 
substituted) only upon heating. (24) decomposed around 70°C, whereas (16) (as already 
observed previously), did not react readily and up to 5 days at this temperature were 
necessary to afford minute amount of (A) and (B). These interesting results suggest the 
importance of considering isomers of (16) such as (23) and (24) as possible candidates on 
the pathway to the C-C coupling.
In the light of these results, DFT calculations were performed by Dr Stuart 
Macgregor (Heriot-Watt University) in order to assess the relative energies o f the 7 
possible isomers for the 6 -coordinate ortho metallated species [Figure 3.3.], as well as for 
the 5-coordinate ortho metallated species [Figure 3.4.] species. The dissociation energies 
of the PH3 ligands are indicated by the pointed arrows in Figure 3.3., As seen in Figure
3.3. an energy minimum is reached for a species (c) isostructural to (23). A similar species 
stabilised by an agostic interaction reported by Morokuma et al. [Figure 3.3., (a)],3 has
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been shown to be a stable intermediate on the pathway to C-C bond formation. 
Furthermore as shown in Figure 3.2. the energy of dissociation of the PH3 phosphines on 
this zero-energy species is a minimum for the phosphine trans to the hydride, leading to 
the formation of another zero energy 5-coordinate ortho metallated species [Figure 3.3., 
species 7], A different route is suggested by Morokuma involving dissociation of the 
phosphine trans to the ortho metallated carbon to afford stable complex (b) [Figure 3.2.]. 
These two different routes remain to be probed but indicate complexes isostructurai to (36) 
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Figure 3.3. - Relative energies of the various 5-coordinate species.
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3.2.2.2. Investigation of the reactivity of (12).
Although (12) proved to be moderately active for catalysing the Murai reaction we 
decided to investigate its a reactivity with a stoichiometric amount o f 2 - 
methylacetophenone. ( 1 2 ) slowly reacted with 2-methyIacetophenone at 1 0 0  °C to afford 
2-methyl-6-ethyl-acetophenone and the or^o-metallated complex (22) [Scheme 3.18J. 
This surprising result suggests that (12) plays a key role in the Murai reaction. Moreover, it 
demonstrated that if a Ru° species was to be formed during the Murai reaction it would 
subsequently react with the ketone substrate to afford the C-C coupling product and (2 2 ), 
which we have seen to be highly reactive towards ketones.
Scheme 3.18.
3.2.2.3. Investigation of the reactivity of (14).
The stoichiometric reaction o f (14) with ethene showed rapid formation of free 
PPI13 (observed by 3 1P{1H) NMR) along with a single species with a 31P{1H} resonance at 
58.5 ppm attributed to Ru(PPh3 )2 (o-C6H4 C(0 )CH3)(CH2CH2)H (25) [Scheme 3.19.]. The 
NMR spectrum of this species showed a triplet hydride resonance at 8  -13.91 (Jh p  = 21.2 
Hz), a singlet resonance at 5 2.03 attributed to the acetophenone methyl group and a broad 
triplet a 5 2.86 (Jh p  = 3.2 Hz). These 3 signals integrated 1:3:4 respectively. The broad 
triplet was attributed to coordinated ethene, (this signal disappeared upon using CD2 CD2  
instead o f ethene) [Spectrum 3.14.]. Over a longer reaction time (10 hours at room 
temperature) and excess ethene, (14) reacted further to form the orthometallated complex 
Ru(PPh3)2 (o-C6H4PPh2)(CH2CH2)H19 and the C-C coupling product 2 ,6 -diethyl- 
acetophenone. Ru(PPh3)2(o-C6H4PPh2)(CH2CH2)H was previously described by Cole- 
Hamilton et al. upon reaction o f Ru(PPh4)H2 with ethene. It displays a characteristic 
doublet of triplets hydride at 5 - 6.5 (Jh p  = 70.0 Hz, Jhp = 24.0 Hz) in the *H spectrum, and 
a doublet and a triplet at 6  50.2 and -38.4 (J = 15.8 Hz) in the 31P{1H} NMR spectrum. In
(12) (22)
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the absence of an exess o f ethene, (22) decomposed to several products which could not be 
analysed, along with a mixture of 2-ethyl-acetophenone and 2,6-diethyl-acetophenone.
Scheme 3.19.
It is important to note that an identical process was observed when using R  = SiMe3 
and SiOEt3 although their reactivity was not investigated in any detail. Nevertheless 
formation o f the C-C coupling product was observed in both cases along with 
decomposition o f the ruthenium complex.
3.2.3. Synthesis and reactivity of complexes similar to Hiraki’s complexes.
3.2.3.I. Synthesis of cw-N,JH-Ru(PPh3)2(C0 )(NC4 H3C(0 )CH3)H (19).
Upon reaction of (1) with the free pyrrolyl phosphine P(Py)2(NC4H3C(0)CH3) at 
reflux, we were surprised to find formation of c/s-jVr,#-Ru(PPh3)2(C0 )(NC4H3C(0 )CH3)H 
(19) as a result o f the degradation o f the phosphine ligand [Scheme 3.20.J. The complex 
was formed cleanly but in a low yield.
PPh3 R PPha\
PPhs RJ ;ru + PPh3
H c6h6, rt H
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The !H NMR spectrum of (19) displayed a triplet hydride at 6 -13.91 (Jph = 20.0 
Hz) [Spectrum 3.14.], while the ^C^H} NMR spectrum showed one low field triplet at 5 
204.9 (J = 13.0 Hz) and a broad singlet at 188.5, assigned to the carbonyl and Ru-0=C 
groups respectively on the basis of ^ -^C ^ H }  HMQC and HMBC experiments. The IR 
spectrum displayed three bands at 2037, 1927, and 1535 cm'1 assigned to v r u -h , vco and 
v r u - o = c  respectively.
r t
- 13.40 - 13.60 - 13.80 - 14.00 - 14.20
J _______________________________________________________________
8.0 7.5 7.0  6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
Spectrum 3.14. - !H NMR spectrum of (19).
The structure of (19) was determined by X-ray crystallography [X-Ray 3.6.] 
Selected bond distances and angles are given in Table 3.9..
" | i i ! i | r r r r p n T n p n  m  | i r n  ‘| i i i r | i i i i | i r  
6.80 6.70 6.60 6.50 6.40 6.30 6.20 6.10
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X-Ray 3.6. - X-ray structure o f (19). Thermal ellipsoids are set at the 50% probability 
level Hydrogen (apart from hydrides) atoms have been omitted for clarity.
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Selected Bond Lengths [A]
Ru(l)-C(43) 1.834(3) Ru(l)-N(7) 2.118(2)
Ru(l)-0(2) 2.212(2) Ru(l)-P(l) 2.3496(7)
Ru(l)-P(2) 2.3598(7) 0(1)-C(43) 1.154(4)
0(2)-C(41) 1.273(4) N(7)-C(37) 1.336(4)
N(7)-C(40) 1.387(4) C(37)-C(38) 1.395(5)
C(38)-C(39) 1.388(5) C(39)-C(40) 1.418(4)
C(40)-C(41) 1.404(4) C(41)-C(42) 1.490(4)
Selected Bond Angles [°]
C(43)-Ru( 1 )-N(7) 174.84(12) C(43)-Ru( 1 )-0(2) 99.14(12)
N(7)-Ru(l)-0(2) 75.96(9) C(43)-Ru(l)-P(l) 91.43(9)
N(7)-Ru(l)-P(l) 87.71(6) 0(2)-Ru(l)-P(l) 98.06(5)
C(43)-Ru(l)-P(2) 90.78(9) N(7)-Ru(l)-P(2) 90.73(6)
0(2)-Ru(l)-P(2) 88.76(5) P(l)-Ru(l)-P(2) 172.41(3)
C(41 )-0(2)-Ru( 1) 113.84(19) O(2)-C(41)-C(40) 119.2(3)
N(7)-C(40)-C(41) 117.4(3) C(40)-N(7)-Ru( 1) 113.63(18)
Table 3.9. - Selected bond lengths [A] and angles [°] fo r  cis-Ru(PPh3) 2 (CO)(NC4H3C(0) 
CH3)H
3.2.3.2. Synthesis of ^ «5-A^iy-Ru(PPh3)2(C0)(NC4H3C(0)CH3)H. (20)
In order to investigate the formation of (19), we decided to attempt an alternative 
synthesis using a route analogous to that described for the formation of (16) and (17). 
Reaction of (5) with acetyl pyrrole at 45°C in THF afforded the trans-N,H- 
Ru(PPh3)3(NC4H3C(0)CH3)H (18) complex which was characterised by IR and NMR 
spectroscopy [Scheme 3.21.]. Surprisingly when (18) was reacted with CO, instead of 
forming (19) as expected, we obtained ^ra«5-7V,//-Ru(PPh3)2(C0)(NC4H3C(0)CH3)H (20) 
in which the hydride was trans to the pyrrole nitrogen [Scheme 3.21.].
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Ru.




The hydride ligand in (20) appeared as a triplet at 5 -9.39 (Jph =  20.8 Hz) in the *H 
NMR spectrum [Spectrum 3.15.], while the 13C{!H} NMR spectrum showed a low field 
triplet at 8 207.1 (J =  13.5 Hz) and a broad singlet at 188.2, assigned to the carbonyl and 
Ru-0=C respectively using 2D NMR methods. The IR spectrum displayed three bands at 
1962, 1917, and 1536 cm'1 assigned to v r u-h , vco and Vr u-o =c  respectively. The structure of 
(20) was determined by X-ray crystallography to confirm the geometry [X-Ray 3.7.] 
Selected bond distances and angles are given in Table 3.10..
1 | n  11 | 1 1 1 1 p i  1 r "i 1 1 1 1 | 11 1 1 [ i  1 1 1 | 111 1 | 1 
6.80 6.70 6.60 6.S0 6.40 6.30 6.20 6.10
* Impurities
i i i r TTTTT I I  M I I 1 1 1 T I I '11I I I  I I I I
-9.00 -9.10 -9.20 -9.30 -9.40 -9.50 -9.60
l 1 ' 1 1 l ' 1 ' M 1 1 1 1 I 1 1 1 1 I 11 1 1 l ' 1 1 1 l 1 1 ' 1 l 1 1 1 1l ' 1 1 ' l 1 ' ' 1 l 1 ' 1 ' l 1 1 ' • l ' 1 1 1 l ' ' 1 1 I 1 1 1' I ' 
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
Spectrum 3.15. -  !HNMR spectrum of (20).
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X-Ray 3.7. - X-ray structure o f (20). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen (apart from hydrides) atoms have been omitted for clarity.
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Selected Bond Lengths [A]
Ru(l)-0(1) 2.1391(14) Ru(l)-C(7) 1.815(2)
Ru(l)-P(l) 2.3319(4) Ru(l)-N (l) 2.1551(19)
0(1)-C(5) 1.281(3) Ru(l)-P(2) 2.3404(5)
N (l)-C (l) 1.338(3) 0(2)-C(7) 1.155(3)
C(l)-C(2) 1.423(4) N(l)-C(4) 1.392(3)
C(3)-C(4) 1.415(3) C(2>C(3) 1.375(4)
C(5)-C(6) 1.500(3) C(4)-C(5) 1.398(3)
Selected Bond Angles n
C(7)-Ru(l)-0(1) 176.65(7) 0(1)-Ru(l)-N(l) 76.58(6)
C(7)-Ru(l)-N(l) 100.59(8) C(7)-Ru(l)-P(l) 91.57(6)
0(1)-Ru(l)-P(l) 90.51(4) N(l)-Ru(l)-P(l) 95.46(5)
0(1)-Ru(l)-P(2) 88.91(4) C(7)-Ru(l)-P(2) 89.42(7)
P(l)-Ru(l)-P(2) 171.47(2) N(l)-Ru(l)-P(2) 92.69(5)
C(4)-N(l)-Ru(l) 111.62(14) N(1)-C(4>C(5) 116.67(19)
0(1)-C(5)-C(4) 119.74(19) C(5)-0(1)-Ru(l) 114.74(14)
Table 3.10. - Selected bond lengths [A] and angles f° ] fo r  trans-Ru(PPh3) 2(CO(NC4H3C  
(0)CH 3)H
3.2.3.3. Structural analysis of (19) and (20).
Comparison o f the two isomeric complexes (19) and (20) reveals some minor 
changes in the bond lengths and angles o f the metallated ketone ring [Figure 3.4.J. As 
expected significant lengthening of the Ru-X bond trans to hydride is observed. Thus in 
(19), the Ru-O distance o f 2.212(2) A compared to the Ru-O bond length o f  2.1391(14) A 
in (20) in which the Ru-O is trans to CO. Noticeable also is the difference in the Ru-CO 
distances 1.834(3) A when trans to N  in (19), 1.815(2) A and when trans to O in (20). 
Finally very little difference is observed within the metallated acetopyrrole moiety [Figure
3.4.3.
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Figure 3.4. -  Selected bond distances and angles in (19) and (20).
3.2.3.4. Thermal isomerisation of (20) into (19).




Scheme 3.22. - Isomerisation o f  (20) into (19).
OC
(19)
Comparable to the process observed in interconverting (23), (24) and (16), 
thermolysis of (20) produced (19) [Scheme 3.22.]. This process was followed using *H 
NMR spectroscopy looking at the hydride region as shown in Spectra 3.16. This was used 
to yield a plot of the concentration versus time [Graph 3.1.] and then a plot of 
ln[concentration] of either (19) or (20) versus time resulted in a straight line indicative of a 
first order process. This experiment was repeated at different temperatures in order to 
investigate the influence of temperature on the rate of isomerisation [Graph 3.1.].
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o  o  o  o  
90 #C
0.E+00
0.0E+00 5.0E+03 1.0E+04 1.5E+04
Time (s)
2.0E+04 2.5E+04
Graph 3.1. - Plot o f the concentration o f (20) versus time for the reaction in Scheme 3.22..
The rate constant at a set of temperatures [Table 3.11.] could be derived from the 
slope by plotting - /^concentration] versus time [Graph 3.2.], Out of the rate constants 
observed at typically 80, 90, 100 °C [Table 3.11.], we were able to plot the Arrhenius plot 
and consequently deduce the energy of activation for the isomerisation. It is important to 
notice the large positive value observed for AS* indicating a dissociative reaction.
Temp kobs (x 105) Ea AH* AS*
K s*1 kJ.mol'1 kJ.mol'1 J.mol^.K'1







Table 3.11. - Rate constants, Ea, AH* and AS* for the isomerisation of (20) into (19).
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0.0E+00 5.0E+03 2.0E+041.0E+04 1.5E+04 2.5E+04
Time (s)
Graph 3.2. - Plot of - ln[19] versus time.
-6
-10 
2.66E-03 2.70E-03 2.74E-03 2.78E-03 2.82E-03
Graph 3.3. - Arrhenius plot for the reaction in Scheme 3.22..
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3.2.3.5. About the formation of (20).
Although the mechanism of formation of (20) in the reaction of (1) with the 
pyrrolyl-phosphine ligand was not probed, decomposition of these ligands is not unusual. 
The P-N bond in N-pyrazolyl phosphines has been shown to be highly reactive towards 
protic ROH molecules. This has been demonstrated by Ros et al. who reported the MeOH 
promoted intramolecular decomposition of the P-N bond of the coordinated pyrazolyl 
phosphine ligand in Ru(PPh2(Me2Pz))(p-cymene)Cl2 , to afford the structurally 
characterised [Ru(PPh20H)(Me2HPz)(p-cymene)(PPh0H]Cl.31
3.2.3.6. Reactivity of (19) and (20) toward C-C coupling.
Due to the evident similarities between (19) and (20) and the ort/zo-metallated 
ketone species already studied, we decided to investigate whether or not the isomerisation 
—resulted in a major change in the reactivity of these or/Ao-metallated species. Using the 
same conditions as stated before in 3.2.I.5., no reaction was observed using (19) as the 
ruthenium precursor for up to 10 days at 135°C, whereas use of (20) as a catalyst resulted 
in 23 % conversion after 2 hours at 135°C.
3.3. Discussion of the mechanism of C-C coupling.
It is possible to draw some conclusions on the proposed mechanism from our 
studies and to postulate a more advanced mechanism on the basis of the observations made 
so far.
As shown in Scheme 3.23. it was proposed by various authors1'5’ 21 that initial 
activation of (1) by the alkene substrate generates the active catalytic species in the 
reaction. Our work in this respect has shown that when there is activation of (1) by the 
alkene substrate, it produces one equivalent of the corresponding alkane via hydrogentaion 
and the 16e' ruthenium species Ru(PPh3)3(CO). This fact is demonstrated by the different 
reactivity observed when (1) is reacted with either ethene or trimethylvinylsilane [Scheme 
3.23.]. In the first case use of the ethene afforded (12), whereas in the later case formation 
of the orf/w-metallated phosphine complex (22) was observed.
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Due to the highly regiospecificity of the Murai reaction, it was proposed that the C- 
C bond coupling reaction must occur via an ort/io-metallated ketone complex similar to 
complex (16). We have demonstrated the poor catalytic activity of this species as well as 
that of similar complexes including (14) and (21). Moreover, we have observed that these 
complexes have a relatively high thermal stability which can in turn explain their poor 
catalytic activity. In fact benzene solutions of either (16) or (19) did not decompose over 
days at 140°C and furthermore, a benzene solutions of these complexes under 1 atm of 
ethene did not show any reaction even after days at 135 °C. Therefore it is possible on the
111
P a rt 1 Chapter 3 -  Synthetic investigation o f  the M urai reaction.
basis of our work to eliminate ort/zo-metallated complexes with a stereochemistry such as 
(16) as being on the pathway to C-C bond formation.
Similarly to Hiraki’s work we have been able to observe and characterise 
complexes structurally related to (16) such as (23) and (24), and upon addition of 
trimethylvinylsilane to a mixture of (23), (24), and (16) we have observed at room 
temperature formation of the C-C coupling product following rapid reaction (23). 
Moreover we have seen that although (19) is inactive for C-C coupling, its isomer (20) 
displays moderate reactivity for C-C bond formation. These results suggest that ortho- 
metallated complexes with a stereochemical arrangement of ligands as in (23) may actually 
be on the pathway to C-C activation. The question of the isomer has been examined in 
colaboration with Dr S. A. Mcgreggor as already described and with agrees with this 
postulate.
3.4. Conclusions. —
Although our results do not provide definitive evidence for or against the 
coordination of a CO ligand in metallated species on the Murai pathway, we believe that 
our work in this area has been as close as possible to the reaction conditions reported by 
Murai.
All the evidence we have so far point to Ru(PPh3)2(CO) as being the active 
catalytic species of the C-C coupling and do not corroborate Trost et al postulate of CO 
exclusion from the ruthenium catalytic species during the reaction.
These authors on the basis that the catalytic reaction is strongly inhibited in the 
presence of a CO atmosphere, propose a highly coordinatively unsaturated Ru(PPh3 )3  
stabilised by solvents molecules as active species of the reaction.
It is appreciable, on the basis of our work as much as on the basis of reported work 
in this area, that a highly coordinatively-unsaturated ruthenium species might be the active 
species. However one has to be careful when considering the importance of introducing a 
foreign material such as CO into a catalytic reaction.
In fact it is well known that ruthenium(O) species are converted into 
Ru(PPh3)2(CO) 3 in the presence of CO and PPI13, in addition we have seen in Chapter 2 
that (2 2 ) reacted rapidly with CO at room temperature to afford Ru(PPh3)3(CO) 2 and
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Finally the Ru(PPh3)2 (CO) moiety is very rigid, owing to the push-pull effect of 
electron between the PPI13 and CO ligands, and is not likely to dissociate CO easily.
Following the same way of thinking, our work in this area contradict the postulate 
proposed by Chaudret et a l6 o f any complexes such as Ru(PCy3)2(C6H5C(0)CH3)(H2)H to 
be true intermediates in the catalytic cycle postulated by Murai. Although we appreciate 
that Ru(PCy3)2(C6H5C(0)CH3)(H2)H is a catalyst precursor for the Murai reaction, it is 
very unlikely that a dihydrogen complex is being formed during the reaction.
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PART 2.
“Humanity needs practical men, who get the most out of their work, and, without 
forgetting the general good, safeguard their own interests. But humanity also needs 
dreamers, for whom the disinterested development o f an enterprise is so captivating that it 
becomes impossible for them to devote their care to their own material profit.
Without doubt, these dreamers do not deserve wealth, because they do not desire it. Even 
so, a well-organized society should assure to such workers the efficient means of 
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Chapter 4.
Introduction to N-heterocyclic carbene chemistry.
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4.1. Introduction.
As outlined in Chapter 3, both (1) and Ru(PCy3)2(H2)2H21 show activity for the 
Murai reaction but under very different conditions (135°C vs. 30°C). However the 
advantage of lower temperature is offset by a longer reaction time (2 hr vs. 24 hr). Thus, 
Ru(PPh3 )2 (PCy3)(CO)H2 might be an interesting target molecule. Unfortunately, mixed 
phosphine complexes are difficult to synthesise cleanly. Therefore in order to investigate 
the catalytic activity of other candidates for the Murai reaction, we decided to focus our 
study on complexes displaying structural similarities to Ru(PPh3)3(CO)H2 , but where the 
reactivity was tuned by substitution of one triphenylphosphine ligand by an N-heterocyclic 
carbene ligand. The decision to use these ligands as possible substitutes for phosphines was 
prompted by their characteristics, which will now be described in this chapter.
The chemistry of stable carbenes is one of the fastest growing areas in both 
coordination and catalytic chemistry, with numerous reviews and articles available in the 
literature on this subject. Therefore, we only intend to give here a brief overview of the 
properties and synthesis of carbene ligands, along with a few examples of their main 
applications in coordination and catalytic chemistry.
4.1.1. Stable carbenes.
Carbenes are neutral molecules containing a divalent carbon atom. They only have 
six valence electrons, two non-bonding, making them electron deficient and highly reactive 
species. The electronic configuration gives rise to two different arrangements depending on 
whether the non-bonding electrons are paired or impaired. Singlet carbenes have their non­
bonding electrons paired, whereas triplet carbenes have their electrons in different orbitals 
with parallel spins [Figure 4.1.].
R— C — R  R—  C — R  
•  •  •
singlet triplet
Figure 4.1 - Representation o f singlet and triplet carbenes.
In triplet carbenes, there is a linear geometry with an sp-hybridisation around the 
carbene centre and two non-bonding degenerate px and py orbitals. Singlet carbenes have a
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bent geometry which do not allow this degeneracy, due to the sp2 hybridisation of the 
carbene centre.
In the singlet case, the two non-bonding electrons can distribute themselves 
amongst the two different types of orbitals (both in unused sp2 hybrid or o orbital, or one 





singlet s ta te  
o2
triplet s ta te
Figure 4.2. - Representation showing the electron occupancy in the a  andpn-orbitals.
Wanzlick et al. suggested that there is an increase in stability of the singlet state 
whenever the substituents in the vicinal position provide a-acceptor 7i-donor character 3 4 
In this position, the substituents are responsible for stabilising the carbene lone pair by 
creating a negative inductive effect, thus filling the empty p-orbital on the carbene carbon 
atom [Figure 4.3.],
r , 0 R,(p
c ? c < T )
Figure 4.3. - <y-acceptor and n-donors vicinal to the carbene-carbon atom stabilize the 
singlet state o f carbenes.
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4.1.2. Stable Singlet Carbenes.
Stable N-heterocyclic carbenes (NHC) were first observed in 1961 by Wanzlick 
and co-workers, although none of these carbenes were ever isolated.4 They recognised that 
carbenes with electron rich amino substituents at the 2 and 5 position are capable of 
stabilising the carbene centre, by enhancing the carbon atom’s nucleophilicity and 
thermodynamic stability.2'4 At that time the final product was isolated as a dimer. [Scheme
4.1.]
Ph Ph Ph Ph
Ph Ph Ph Ph
Scheme 4.1.
Based on this concept, the field of NHC chemistry really developed since the first 
successful synthetic attempts by Igau et al.5 and Arduengo et al.6. In 1991 through the 
development of a new synthetic route, l,3-bis(l-adamantyl)imidazolin-2-ylidene (IAd) was 
isolated and fully characterised [Scheme 4.2.].6 8 The X-ray structure of IAd can be 
simplified to a strongly bent singlet carbene (R-C-R =100-110°), with a rather short N-C: 
bond (1.32-1.37 A) showing some aromatic stabilisation of the ring. Arduengo and co­
workers showed that this carbene was remarkably stable (a sealed sample in thf solution 
showed no decomposition after 7 years!), with a melting point of 240°C.
R4 = R3 = H 
R1 = R2 = C10H15
Scheme 4.2. Synthesis of 1,3-bis(l-adamantyl)imidazolin-2-ylidene.
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Their work started a renaissance of the rich chemistry of these nucleophilic 
carbenes and in the last decade numerous variations of the basic imidazol-2-ylidene 
skeleton have appeared showing different steric and electronic effects. Cyclic 
diaminocarbenes were originally considered to be the only stable type of carbene due to the 
nitrogen providing good 71-donor/a-acceptor character, which combined with steric bulk 
and some aromatic character prevented dimerization.9’10 New generations of NHC ligands 
go from having basic functionalised aryl on the N position [Figure 4.4.], to more 
sophisticated NHCs with N groups designed for specific purposes [Figure 4.5.],
IM es11  Rj, R3  -  Me, R2, R4  -  H
IPr1 2  R, = CHMe2, R2 ,R 3 ,R 4  = H
IMes-Cl13 Ri» R3  = Me, R 2 = H ,R , = C1
Later, imidazolidin-2-ylidenes, saturated, more electron-rich and non-aromatic 
versions of the imidazolin-2-ylidenes were isolated [Figure 4.6., (a)].19,20 Isolation of six- 
membered tetrahydropyrimid-2-ylidenes21,22 [Figure 4.6., (b)] and of acyclic structures23, 
24 [Figure 4.6., (c)] came as an extension to this family of diaminocarbenes since they still 
posses two nitrogens vicinal to the carbene but lack the 6jc-electron conjugation.
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Figure 4.6.
The next generation of carbenes has demonstrated the tolerance of rc-donor 
substituents such as alkoxy and alkylsulfido groups as shown in Figure 4.7..25
Figure 4.7.
4.1.3. Synthesis of NHCs.
Generally the synthesis of NHCs starts from AAN’-disubstituted azolium salts, which are 
commonly deprotonated with potassium te/7-butoxide using thf as the solvent [Scheme
4-3.]/
R





Scheme 4.3. - Deprotonation o f imidazolium salts using potassium tert-butoxide.
These N-Af’-disubstituted azolium salts, precursors to the free carbene, are generally 
accessible by two routes (i) and (ii), which complement each other. These methods have 
already been thoroughly reviewed in major reviews and articles and will not be explained
in detail here.26
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(i) nucleophilic substitution at the imidazole heterocycle [Scheme 4.4.].
K* fcT)\ R— X /  \  R'— x
-----------► N  ► . N v i / N
-RX R R' _X R
X
Scheme 4.4. - Nucleophilic substitution synthesis.
Imidazolium salt that can be prepared by this procedure, which involve alkylation 
of imidazole, are easy to obtain and often used for metal complex synthesis.27'30 The main 
drawback of this route arises from the formation of elimination by-products when 
secondary and tertiary halides are used.
(ii) a multi-component reaction, building up the heterocycle with the desired 
substituents in one step [Scheme 4.5.].37-40
S ~ \  + 2NH*R ♦ \ = o   r / N @ n ^
0 0  /  - 3 H20 r RH
X-
Scheme 4.5. - Multi-component synthesis.
In order to introduce other substituents at the 1- and 3- positions of the imidazolium 
salt the reaction of primary amines with glyoxal and formaldehyde in the presence of acid 
can be used. ' Variation of the amine allows the preparation of imidazolium salt libraries 
which can be diversified by changing the anion of the imidazolium salt using different 
acids.34 This method was extended to the use of chiral amines in the preparation of Ci- 
symmetric imidazolium salts.35 A two step version of this synthesis has been shown to 
proceed via the synthesis of the bisimine in a first step, followed by subsequent ring 
closure with formaldehyde and an acid. ’
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4.2. Transition metal chemistry involving NHCs.
Due to their rather unusual properties, the use of NHCs as ligands in coordination 
chemistry has been well documented in a number of recent reviews and articles.35,38 The 
first examples of NHC complexes were reported in 1968 by Wanzlick and Schonherr39 and 
by Ofele [Figure 4.8.; (a), (b)].40 Nowadays their application to coordination chemistry 
goes across the whole periodic table from the alkali metals (Li41-44, Na44, K44) [Fig 4.8.; 
(c)], alkaline-earth metals (Be47, Mg45, Ca46, Sr46, Ba46), to both ends of the transition metal 
series (e.g. Ti49,51, Ta49, Cr53, 54,48, 51, Re55, 57, 56, Ru58, 50, etc, Rh35, 52, 594S1, Pd62, 63, Au64)) 
[Fig 4.8.; (d)]. A few examples of their application in rare earth metals chemistry have also 
been reported (Sm65, Eu66, U67) [Figure 4.8.; (e)].
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Figure 4.8. - Examples o f  metal coordinated NHC ligands.
Several synthetic methods have been reported for the synthesis of carbene- 
transition metal complexes.26 Mainly four routes have been used: the in situ deprotonation 
of ligand precursors, the elimination of small molecules from a neutral ligand precursors, 
the complexation of the free, pre-isolated NHCs and the cleavage of electron-rich alkenes.
4.2.1. In situ deprotonation of ligand precursors.
The in situ complexation of the ligand has the advantage of not having to prepare 
and isolate the free carbene and has found its main applications in cases where the carbene 
is hardly stable or difficult to handle.68 In situ deprotonation combined with phosphine 
substitution was reported as a convenient route to the synthesis of ruthenium-alkylidene 
complexes [Scheme 4.6.].69
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4.2.2. Elimination of small molecules from neutral ligand precursors.
This method was first used in 1961 by Wanzlick et al.4 to prepare imidazolin-2- 
ylidenes and proceeded via elimination of an alcohol from a neutral 2-alkoxy-l,2-dihydro- 
1//-imidazole leading to the formation of the free carbene. In a variation of this method, a 
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Scheme 4.7.
4.2.3. Complexation of the preformed free NHC.
Since the isolation of the first stable structurally characterised NHC by Arduengo et 
al.,6 the use of free NHCs in the preparation of carbene complexes has experienced rapid 
development. Various methods have been shown to be suitable for the formation of NHC 
complexes, such as cleavage of dimeric complexes,71 and exchange with coordinated
H4 Pt4 Hi HP
ligands such as phosphine, CO, solvent, , etc... . The ligand exchange provides an 
easy route to the synthesis of carbene complexes and has been widely used. In the Grubbs 
alkene metathesis catalyst, both phosphines can be exchanged for various NHCs without
affecting the benzylidene moiety [Scheme 4.8.] 76
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4.2.4. Cleavage of electron rich alkenes.
Electron rich alkenes are subject to thermal cleavage by various electrophilic 
transition metal complexes due to their nucleophilicity. These electron rich alkene or 
tetraaminoethene derivatives were first observed by Wanzlick et al.4 and have been 
synthesised by several methods such as dimerisation of nonstable NHCs77* and
deprotonation of imidazolidinium salts with Grignard reagents77b Heating o f 
tetraaminoethenes in the presence o f a metal precursor such as metal carbonyl, has been 














4.3. Properties of NHC ligands.
While it is possible to view NHCs as being Fischer-type carbenes, the M-C bonds 
in N-heterocyclic carbene complexes are much longer (2.1 A cf. < 2 A) than in the Fischer 
systems due to lack o f 71-back donation. While the lone pair of electrons on the carbon 
mimics c-donating ligands such as P, N or O and could be considered as phosphine 
analogues, the real strength and versatility of NHC ligands rests in how they differ from 
these. The coordinating lone pair of electrons in NHCs is “harder” and more basic than a 
phosphine lone pair. The formally vacant p-orbital at the carbene centre has the potential to 
function as a weak 7t-acceptor, but has different directional character than P-X a*-bonds
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on a phosphine. NHCs have a different steric profile to phosphines. This has been defined 
by Nolan using two angles (A l, A h). The steric profile of phosphines is described by the 
cone angle (0) [Figure 4.9.],
NHCs give an enhanced thermal stability to the M-C bond compared to phosphines. 
This is due to the thermal sensitivity of the latter, which under high temperatures, can 
undergo P-C bond degradation and therefore potential deactivation of any catalyst.79
M
Figure 4.9. - Determination o f two steric parameters (AL and Ah)  associated with carbene 
ligands (left) and the cone angle (0) in phosphines (right).
Work has been done to underline some of the major differences in the chemistry of 
NHCs in comparison to phosphine ligands. A comparison of IR carbonyl frequencies in 
/rflm-Rh(CO)L2Cl] [Table 4.I.]80 highlights the differences in electron donation from 
NHC and phosphine ligands. This is compatible with more electron density being on the 
metal centre and shows that NHC ligands are better electron donors than phosphines.
Nolan has demonstrated that the steric and electronic properties of the carbene can 
be readily modulated depending on the side arm substituents (N-R). This changes the 
susceptibility of the carbene towards direct substitution. For example, IMes coordinates
1 fiimore strongly to a Cp*RuCl fragment than does PCy3 (by 5 kcal mof ). Calorimetric 
measurements have established that carbene donor strength follows the order ICy > ITol > 
IMes > IPr, while steric bulk follows the inverse pattern (IPr > IMes > ITol > ICy) 
[Scheme 4.10.; Figure 4.10.],
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Figure 4.10. - Colorimetric measurements (AHrxn [kcal/mol]) for the reaction according 
to Scheme 4.10.
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4.4. Applications of NHCs in homogeneous catalysis.
As mentioned earlier, NHCs are remarkably stable and have unique chemical 
properties. Over the last two decades the catalytic activity of NHC metal complexes has 
been thoroughly investigated, and is well documented in a number of reviews and 
articles.82'91 Because they are considered as phosphine mimics, their applications have 
mainly been devoted to improve already existing catalytic processes involving phosphines. 
In fact phosphines are widely used in controlling selectivity and reactivity in homogeneous 
catalysis92 but they are often air and water-sensitive. As seen previously, phosphine or 
phosphite ligands are thermally sensitive; to prevent this degradation from affecting 
catalyst activity excess phosphine is often used to ensure catalyst stability.
NHCs provide a possible answer to this problem as they are strongly electron rich, 
bulky, resistant to oxidising agents and form stable bonds with metals. This has led to 
NHCs finding applications in a range of catalytic reactions including: hydroformylation of
M  Q 1  0 4  O f
alkenes; hydrogenation of alkenes ’ and dihydroamino acids; hydrosilylation
A|T OM QQ QA
reactions; ’ copolymerisation of ethene and CO; polymerization o f alkynes; 
cyclopropanation o f alkenes90 and furan synthesis.91 Among the many examples reported, 
two of the most interesting examples of NHC and phosphine comparison are the Heck 
reaction and the alkene metathesis.
4.4.1. Alkene Metathesis.
In recent years, the alkene metathesis reaction [Figure 4.11.] has developed 




Figure 4.11. - Alkene metathesis involving RCM (Ring Closing Metathesis), ROMP (ring 
opening metathesis polymerisation, ADMET (Acyclic Diene Metathesis), CM (Cross 
Metathesis).
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Alkene metathesis provides a route to unsaturated molecules that are often 
challenging or impossible to prepare by any other means. It developed rapidly with the 
discovery of the high catalytic activity of ruthenium (II) phosphine complexes [Figure 
4.12., (a)].93,95 Further developments showed that the substitution of PPI13 with the more 
electron-donating and sterically more demanding PCy3 [Figure 4.12., (b)] was 
accompanied with a significant increase in the stability and performance of the complex.94- 
96 A new generation of catalyst arose with the substitution o f PCy3 with NHCs such as 
IMes [Scheme 4.8.].82,76 Nevertheless, although NHCs are considered as even more 
electron-donating than trialkylphosphines, the catalytic performance of 
Ru(IMes)2(=CHPh)Cl2 proved to be comparable to that of (b).
n
^,N N__pph3 PCy3 Mes \ /  Mes Mes Mes
I > a  1 > CI • > CIRu= n. R u = s .  ,^RU:




Recent mechanistic studies showed that the key insight was that 
(PCy3)2Cl2Ru=CHPh forms a highly active intermediate during the catalytic cycle. This 
has allowed further advances in the design of catalyst precursors of higher activity. These 
investigations showed that phosphine was a necessary ligand for the reaction to proceed, as 
it provided enough electron density on the metal to stabilise the active catalytic fragment 
and remained a ligand weak enough not to suppress the dissociative pathway.97 A new 
generation o f precursors based on the use of NHCs led to the synthesis o f a mixed 
phosphine/carbene complex (c).72,98 This has proved to be a good compromise between the 
coordinating and electronic properties o f carbene ligands, and the lability of phosphine 
ligands and has led to extensive applications in metathesis reactions.99
As seen in Figure 4.13., further improvements were made by using imidazolidin-2- 
ylidene (IMes-H) as a substitute to IMes, complex (d). This displayed catalytic activities 
greater than the performance of the molybdenum-imido system which was considered as 
intrinsically more active than late-transition metal systems.100 Remarkably, (d) remains 
effective at loadings as low as 0.05 mol % for RCM (ring closing metathesis) reactions and
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0.1 10'3 mol %  (monomer: catalyst = 1 000 000) for ROMP (ring opening metathesis 
polymerisation). 101,102 The greater stability of (d) arises from the poor dissociation 
tendency of the IMes-H due to thermodynamic reasons.
5 10 15 20 25
t / min — *
Figure 4.13. - ROMP o f 1,5-cyclooctadiene (y = yield o f polyoctadienamer).
4.4.2. Heck and Suzuki type reactions.
Other successful examples of catalysts containing NHC ligands are found in 
palladium- and nickel-catalysed carbon-carbon bond formations. The catalyst development 
with these metals has focused on Heck type reactions [Scheme 4.12.].103 In fact due to 
their electron-donating properties NHCs have been found to facilitate the oxidative 
addition of aryl halides, whereas their sterically demanding properties have shown in 
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Recently Herrmann et al. have made use o f stable palladium carbene complexes (a) 
and (b) [Figure 4.14.] for a range of C-C bond forming reactions such as Heck reactions 






P d CH :
Me N,
(a) (b)
Figure 4.14. - Pd catalysts fo r  the Heck reaction and Suzuki coupling.




Heck Reaction Alkyne Coupling Suzuki Coupling
Figure 4.15.
As shown in Figure 4.16. although the conversion with the carbene free catalyst is 
greater other a longer period of time, the activity of the mono substituted carbine complex 
is higher. These results constitute primary results; and clearly demonstrate the influence of 
carbene complexes on Heck type reactions.
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Pd(PCy3)2l2
l2 (Cy3 P)Pd
Figure 4.16. - Influence o f the ligands on the reactivity o f Pd(II) catalysis in Suzuki type 
reaction. (Reportedfor the reaction o f 4-chloro toluene and boronic acid)75a
4.5. Conclusions.
In this chapter we have demonstrated the unique properties of NHCs and their 
multiple applications in homogeneous catalysis. These ligands, since their isolation by 
Arduengo et al., have grown from being viewed as highly unstable intermediates to widely 
used compounds. Their application to coordination chemistry has been shown with most 
metals of the periodic table, and has resulted in major advances in catalytic processes such 
as alkene metathesis and Heck coupling reactions.
These new generations of catalysts have been demonstrated to be exceptionally 
stable toward heat, oxygen and moisture. Moreover, they proved to be rather resistant 
towards the attack of nucleophiles or electrophiles at the divalent carbon and, as 
demonstrated by theoretical calculations, carbene dissociation is unfavoured relative to 
phosphine.
It is on the basis of these observations that we decided to investigate the catalytic 
activity for Murai chemistry of the analogue of (1) bearing mixed carbene / phosphine 
ligands. Investigation of this area of research has led to the results reported in Chapters 5 
and 6.
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Chapter 5.
C-C and C-H activation of N-heterocyclic carbene 
complexes of ruthenium.
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5.1. Introduction.
As mentioned in Chapter 4 we decided to investigate the catalytic activity of an 
carbene (NHC) derivative of (1) towards the Murai reaction. Our initial work focused on 
the synthesis of Ru(PPh3)2(rMes)(CO)H2 (26) where the reactivity of (1) was modified by 
substitution of one triphenylphosphine ligand by a molecule of the well-known NHC 
bis(l,3-(2,4,6-trimethylphenyl)imidazol-2-ylidene) (IMes, 25). During the thermolysis of 
(1) with IMes we observed sequential formation o f (26), and Ru(PPh3)(IMes)2 (CO)H2 (29). 
Persistent heating at 110 °C resulted in activation of a C-C bond in one of the mesityl rings 
of the carbene ligand. There was no evidence for the C-H activation of IMes. Nevertheless 
this process could be detected upon treatment of (26) with alkene. After finding these very 
interesting results, we decided to try to uncover more on these rather surprising C-C and C- 
H bond activation reactions. Our work was aimed at providing some mechanistic 
information on both the C-C and the C-H activation reactions, as well as probing the 
reacivity of bidentate phosphine derivatives of (26) such as Ru(dppp)(IMes)(CO)H2 (27) 
and Ru(arphos)(IMes)(CO)H2 (28) towards C-C and C-H activation reactions. Very little 
was done to investigate the solution reactivity of (26) and (30), and only their reactivity 
toward CO insertion was considered. The reactivity of (26) toward the Murai reaction has 
already been described in Chapter 3 and thus will not be described in any further detail in 
this chapter.
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5.1.1. Introduction to C-C and C-H bond activation.
A wide range of functional groups can be activated by transition metal complexes, 
and metal-catalyzed reactions of alkenes, 1 ketones, 2 amines,3 aldehydes4 and alcohols5 have 
made a great contribution to the recent growth of organic synthesis.6 More intriguingly, 
transition metal complexes have been shown to activate relatively inert bonds, such as 
hydrocarbons (C-H and C-C) , 7 molecular nitrogen (N=N),8a,b and molecular hydrogen (H- 
H).8c,d Although the activation of these inert classes of molecules has been observed, 
examples of these activations still remain rare, and in some cases are still seen as a 
challenge for synthetic inorganic chemists. In fact transition metal complex activation of 
C-H and C-C bonds in homogeneous processes is an active field of research as it can lead 
to the design of new selective and efficient processes for the functionalisation of 
hydrocarbons.
5.1.2. Introduction to intramolecular C-H bond activation.
In Chapter 1 C-H bond activation in stoichiometric and catalytic reactions 
was described in some detail. We do not intend to discuss this area in more detail, but we 
will rather try to give the reader an overview of the field of intramolecular C-H activation, 
as well as some reported examples of intramolecular C-H activation in NHC complexes. 
Intramolecular C-H activation is nowadays a relatively well understood process which has 
been extensively reviewed both mechanistically and kinetically.9,16 With many examples 
reported for various ligands such as PR3 (R= C6H5 ,10 CeHio,11), diazobenzene, 12 or NHCs, 13 
the rapid growth of the chemistry of cyclometallated complexes has led to many 
applications in organic synthesis, catalysis, and asymmetric reactions. 14
5.1.2.1. Mechanistic aspect.
Similarly to standard C-H activation, there are three generally accepted 
mechanisms of intramolecular C-H bond cleavage: oxidative addition, electrophillic 
substitution, and so-called muticentered pathways [Scheme 5.1. ] . 15 Specific metals tend to 
show one particular type of reactivity. For example Ti, Zr, Hf, Ta and Th have been shown 
to proceed via a nucleophilic route; Re, Fe, Ru, Os, Rh and Pt via an electrophilic process 
and Co and Pd via a multicentered route.16*
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'M(n) + H+ Electrophilic substitution
C— M(n) + HB Multicentered pathway
Another point in cyclometalation by any metal centre is the question of aromatic vs. 
aliphatic C-H bond activation.17, 18 In fact aromatic C-H bond activations are more 
commonly observed than for aliphatic or benzylic C-H groups. Two theories have been 
proposed by Crabtree et al.19 The first postulate is based on kinetic arguments, and 
proposes that arene groups can bond more easily to a metal centre in an rj2 fashion,20 
followed by oxidative addition. The second postulate originates from thermodynamic 
observations and proposes that the reactivity is driven by the strength of the bond being 
formed i.e. M-C(Aryl) > M-C(alkyl) > M-C(benzyl). Further work191* showed that 
intramolecular and more genrally C-H bond activation is driven by thermodynamic factors 
rather than by kinetic factors.
The first well characterised nucleophilic thermolytic intramolecular C-H activation, 
was reported in 1985 by Jones et al. [Scheme 5.2.] 21 The reaction proceeded via reductive 
elimination of benzene, but although full conversion was observed in cyclohexane, 
reaction in benzene leads to a mixture of starting material and products. This observation 
was attributed to the existence o f an equilibrium between the starting material and the 
product. C-H activation and subsequent formation of a hydride moiety was proved not to 
be the rate determining step. Moreover the cyclometalation was found to be 
thermodynamically triggered, and kinetically unfavoured.
145




+ PhH Me2P— Rh----- H + PhH
The existence of an electrophilic pathway to intramolecular C-H activation, was 
first demonstrated by Cope et al.22,23 in their study of the reactivity of cyclopalladated 
compounds. Further investigation by Ryabov et al.24 of the mechanistic and kinetic aspects 





Although multi-centred pathways to intra-molecular C-H activation have not been 
directly observed, it has been proposed as a possible route in several intra-molecular 
reactions. For examples as shown in Scheme 5.4., the C-H bond activation of titanium 
(or zirconium) complexes cannot be realised by oxidative addition or reductive elimination 
due to the absence of a readily eliminating group. This suggests formation of a six-valent 
intermediate species, through a multi-centred transition state in which formation of the new 
M-C bond occurs at the same time that die leaving group-metal is being formed.
M( O RH
M = Ti. Zr R = CH2Ph
Scheme 5.4.
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5.1.2.2. Further examples of intramolecular C-H bond activation.
In many reported examples of intramolecular C-H activation, the process is driven 
by a donor atom such as N, P or As. For example in 1990, Rabinovich et al. reported 
reversible intramolecular C-H activation of W(PMe3 ) 6  [Scheme 5.5.].26 Similar 
intramolecular C-H activation has been observed in numerous phosphorus complexes, such 
as in the case of Ru(PPh3)4H227 or Ir(PPh3)(Cp*)(Me)2 .28
In a very nice example reported by Albrecht et al., transcyclometalation occurs with




M e3 P"'//„, * > PM e3
H2C'
Scheme 5.5.




reported by Chaudret et al.30 [Scheme 5.7.]. A mechanistic investigation of this process has 
shown that it is accompanied by proton transfer and facilitated by an agostic interaction 
between the C-H bond and the ruthenium centre.
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Finally carbene ligands have been shown in several examples not to be as passive 
as initially proposed. In 2002 Danapoulos et al. reported intramolecular C-H activation of 
NHC complexes of Rh and Ir [Scheme 5.8.]13b
[(n 1,5-cyclooctadiene)lrCI]2
py-NHC
py-NHC = 1-[(2-(6-trimethylsilyl)pyridyl]-3-[(2,6-di-iso-propyl)phenyl]imidazol-2-ylidene 
Scheme 5.8.
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5.1.3. Introduction to C-C Bond activation.
As seen in Chapter 1, much work has been done in the field o f C-H activation and 
homogeneous C-H bond activation is relatively well studied both synthetically and 
mechanistically. By comparison, C-C bond activation by homogeneous transition metals 
complexes still remains rare and poorly studied, with the exception of strained C-C bonds. 
Their robust nature cannot be understood from a thermodynamic point of view as C-H 
bonds are thermodynamically more stable than C-C bonds (BDE C-H = 440 kJ mol'1, BDE 
C-C = 356 kJ mol'1), but several factors, mainly kinetic, make C-H bond activation 
generally favoured over C-C bond activation.
Two routes have been described for C-C bond cleavage, one involving a 13- 
elimination pathway and one an oxidative addition step.
5.I.3.I. p-carbon elimination.
The use o f c  alkyl metal complexes provides an interesting route to C-C activation, 
as the bond between the |3- and the y- carbon of these complexes can be cleaved in a 13- 
carbon elimination pathway [Scheme 5.9.], Although examples of C-C bond cleavage via 
this process are quite rare, there are various examples reported in the literature.
 M\ t P   p-carbon elimination  M— c -----
\  /*-  ► E
c — c  =
a b
Scheme 5.9.
One of the first examples was reported by Watson et al.31 They observed that 
thermal decomposition of a lutetium-isobutyl complex having a vacant coordination site 
led to a methyl complex and generation of propene by P-carbon elimination [Scheme 
5.10.]
Me Me
Cp*2"Lu^ \   ► Cp*2“ Lu +  ------/
22°C \ l
□ : vacant site
Scheme 5.10.
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Another well known example occurs during the Ziegler-Natta32 polymerization of 
propene. The role played by (3-carbon elimination during this process was identified by
A
Teuben et al. who showed that during propene oligomerization mediated by cationic d 
complex of Zr and Hf [Scheme 5.11.], a methyl group is transferred from the growing
chain to the metal during termination, therefore regenerating the methyl complex.
+
Cp*2— M'






In one of the latest examples reported,34 reversible migratory insertion/(3-carbon 
elimination occurs between the coordinated alkyne and the bound alkyl group of an alkyl- 
niobium(alkyne) complex [Scheme 5.12.].








N N .P h  
•N—N b ^ f T  
MeCH2~ y / f  ' / ^ C H 2Me
H H
Scheme 5.12.
Few examples of (3-carbon elimination in late metal systems have been reported. In 
one example by Bergman et al.35 warming of a solution of an oxaruthenacycle led to the 
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In a later example by these authors,36 thermolysis of a ruthenacyclobutane produces 
a 7r-allyl complex in a reversible process. The reaction involves (3-methyl transfer from the 











The factors which account for the inactivity of C-C bonds toward oxidative 
addition by a transition metal can generally be attributed to three reasons;
(i) The generally easier approach of the metal centre to C-H bonds 
neighbouring the C-C bond.
(ii) A significantly higher activation barrier for C-C versus C-H 
activation
(iii) Thermodynamic factors in that although C-H bonds have a higher 
dissociation energy than C-C bonds they form an M-H bond via 
oxidative addition which is considerably stronger than the M-C 
bonds m alkyl complexes.
The C-C ct bond is thermodynamically stable (dissociation energy of = 356 kJ/mol) 
and by comparison, the M-C bond (293 kJ/mol) is lower in energy, thus making the 
oxidative addition of a C-C bond to a metal form at the expense of a more stable C-C bond. 
Furthermore, the constrained directionality of the C-C ct -orbital, by comparison to a C=C 
or a C-H bond [Figure 5.1.], makes the approach of the metal centre to the C-C bond 
rather difficult. For example, in the C=C double bond, the 7i-orbitals of the double bond are 
oriented sideways allowing a facile interaction with the metal [Figure 5.1.]. In the case of 
a C-H bond as proposed by Crabtree et al,38 the oxidative addition begins with an end-on
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approach prior to a side-on coordination. This process can easily be understood by looking 
at the nature of the C-H bond which consists of a a orbital connecting the carbon to the 
hydrogen along the bond axis [Figure 5.1.]. Therefore the hydrogen has its electron in a 
spherical Is orbital and no substituents at its periphery allowing a facile approach to the 
metal centre. In contrast, the a-orbital in a C-C bond lies along the bond axis [Figure 5.1.], 
which forces a high directionality into the approach of the metal centre to the C-C bond, 
and furthermore quaternary carbon atoms bond to several ligands at their periphery making 
the steric bulk around the C-C bond an additional barrier to the oxidative addition.
All these factors contribute to making the kinetic barrier towards the oxidative 
addition of a metal to a C-C bond relatively high, thus making the C-C bond considerably 
more inert than a C-H bond.










Nevertheless C-C bond activation is not impossible as testified by several stable 
alkyl metal complexes.39 A number of promoting strategies have been adopted to enhance 
reactivity, such as relief of ring strain, the attainment of aromaticity or addition of 
thermodynamic promoters. For example, addition of H2 to the system may result in CH4  
elimination following the C-C activation step, making the whole process 
thermodynamically more favourable even in the case of a strong C-C bond.
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5.1.3.2.1. Metal insertion into a strained C-C bond.
The use of strained alkanes such as cyclopropane or cyclobutane in C-C activation 
systems represents an advantage kinetically as well as thermodynamically. This increase in 
reactivity is mainly due to the relief in structural strain in the ring, but structural factors in 
the ring also make the C-C bond more accessible to the metal centre. In fact the orbitals 
connecting the carbon atoms in C3 and C4 rings are bent out compared to the linear C-C 
bond, thus increasing their kinetic accessibility. This bend out of the orbitals can be 
explained by the fact that orbitals in the C-ring are largely p in character and therefore can 
be seen as similar to the HOMO and LUMO in C=C [Figure 5.2.].
Vc
Figure 5.2.
The first example of metal promoted C-C activation of strained systems was 
reported by Tiper et a l40 in 1955 [Scheme 5.15.], who observed insertion of PtCb into the 
C-C bond of cyclopropane in the presence of pyridine. This work was extended to a large 
variety of three41’45 and four42 membered ring derivatives, through extensive use of late 
transition metal complexes containing Pt,43 Rh,44’48 Fe,45 Ni,46 Ir,47 and Co.48
\  RT / \  pyridine / \ L / NCsHs
\  + Rtci, --------- -  /  ; rci2 — -------- -  /  pK
AC2 O \ /  V I  NC5 H5
Cl 5 5
(a) (b)
Scheme 5.15. - Platinacyclobulane complex (a) and its bis(pyridine) derivative (b)
In an interesting case reported by McQuillin et al,49 Zeise’s Ptn dimer reacts with 
cyclopropane to form tetrameric platina(IV)cyclobutanes, which upon addition of nitrogen 
donors provide the monomer in high yields. Unfortunately this process is limited in scope 
and reactions did not occur with cyclopropanes bearing electron withdrawing groups. It 
was shown that [RhCl(CO)2]2 inserts into the severely strained C-C bond of cubane 
[Scheme 5.16.], In the case of biphenylenes, the reaction is not only driven by strain relief,
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but also by formation of two strong M-Caryi bonds. Eisch et al42c showed that the reactivity 
of nickel complexes with biphenylene increased with higher electron density on the metal 





5.I.3.2.2. Metal insertion into an unstrained C-C bond.
In unstrained systems one cannot use the strain in the bond as a driving force for C- 
C activation. Therefore, a number of methodologies have been used to make C-C 
activation accessible.
a) Utilization of a carbonyl moiety to promote activation.
In an example reported by Suggs et al,50 the a-keto C-C bond of 8-quinolinylalkyl 
ketone was activated by [{R h^K U ^C l^] [Scheme 5.17.]. This suggests that the C-C 
bond between a carbonyl atom and the carbon a  to it was (relatively) weaker than other 
single bonds. It was also noted that the C-C bond points directly towards the metal centre, 
thus making the activation both thermodynamically and kinetically more feasible. Later 
work demonstrated the importance of the C=0 bond, not only in weakening the C-C bond, 
but also in assisting the C-C cleavage, in a similar manner to the Baeyer-Villiger reduction 
of ketones, (as shown by formation of the tetrahedral intermediate [a] [Scheme 5.17.]).
p yrid ine
Cl" i hv \
[{RM CzH ^C Ihl +
Scheme 5.17.
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b) Aromatization promoted activation.
C-C bond cleavage in prearomatic systems can be achieved using aromaticity as a 
driving force. Eilbracht et al.51 showed that C-C bond within tricarbonyliron complexes of 
1,1-dialkyl-substituted spirocyclopentadienes were cleaved in boiling benzene, leading to 
7r-cyclopentadienyl-a-alkylcarbonyliron complexes [Scheme 5.18.].
Scheme 5.18.
In another example an r|4-(e«<fo-ethylcyclopentadienyl)molybdenum complex 
rearranged with breaking of a Cp-Et bond to give the r|5-(cyclopentadienyl) 
(ethyl)molybdenum complex upon generation of a vacant site on the metal [Scheme 




Crabtree et al.56 reported C-C bond cleavage reactions in cationic 1,1-dialkyl- 
substituted cyclopentadienyliridium complexes. This occurred via a two step route leading 
to selective C-C bond breaking in disubstituted cyclopentanes. This work was 
extended to the use of cyclopentadienyl rings as a prearomatic system and led to the 
formation of (a) and (b) [Scheme 5.20.], probably due to a reversible process during the 
cleavage/formation step.
Et Et
tx lrHLo+ + " O -  lrHU+ 
Et 0 )  (b)
Scheme 5.20.
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c) Promoted by agostic interactions.
Bennett and Spencer have demonstrated an interesting case of C-C cleavage in 
unsaturated cationic cobalt complexes that are stabilized by agostic interactions [Scheme 
5.21.].57 In this process, the diene-hydride formed in the first step of the reaction is not 
stable, leading to the formation of a more stable product through an agostic interaction 
with a C-H bond on the ring. This eventually leads to a more stable product through the 
breaking of the C-C bond. Their attempt to extend this work to the C-C activation of six- 
membered rings was not successful, probably due to the stability of the Ce ring and/or a 
poor accessibility of the C-C bond to the metal.
Co,
Scheme 5.21.
d) Cluster promoted activation.
In a very nice example reported by Suzuki et al,58 C-C bond breaking occurs in a 
non-strained ordinary diene by reaction with a tri-ruthenium hydride cluster complex. In 
this process the Csp2-Csp3 bond of cyclopentadiene is cleaved by the ruthenium cluster to 










e) Utilization of pincer-type chelating ligands to promote activation.
One of the most interesting and well studied systems reported involves selective C- 
C activation using PCP and PCN pincer type ligands. Milstein et al.59 designed a 
diphosphine pincer-type chelating ligand in order to observe selective cleavage of an alkyl 
group attached to an aromatic ring. Reaction of [Rh(PPh3)4H] with the Ph-PCP ligand at
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room temperature resulted in elimination of H2 and formation of the kinetic C-H activation 
product. This can be reacted further by heating under hydrogen resulting in C-C activation 
and methane elimination [Scheme 5.23.]. Thermodynamic studies show that the CMe-Caryi 
bond in PCP ligand is much stronger than the Cbenzyi-H bond [(BDE(C6H5-CH3)= 426.5 ± 8 
versus (BDE(C6H5CH2-H)= 368.7 ± 4 kJ mol*1], indicating that the conversion o f the C-H 
activation product into the C-C activation product is product controlled and that the 
strongest bond on the metal was formed by breaking the strongest bond in the substrate. 
Electronic perturbation of the ring by introduction of a methoxy group has no effect on the 
reaction rate or the product ratio suggesting that the C-C oxidative addition proceeds 










/  \ Rh PPh3
-PPh,
Scheme 5.23.
Reaction of a tri-butyl phosphine derivative o f the PCP ligand leads to facile 
oxidative addition o f the rhodium into one of the strong aryl-carbon bonds, yielding a C-C 
oxidative addition product [Scheme 5.24.].60
X  / \  A
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Subsequent work on a phosphine amine ligand derivative led to an easier reaction 
compared to the PCP derivative to give a C-C activated product. Rather than having to heat 
it up under hydrogen as in the phenylphosphine derivative, the reaction occurred in 
minutes at room temperature [Scheme 5.25.] 61







f). Miscellaneous types of C-C activation.
A variety of processes leading to C-C activation have been observed, such as C-C 
bond breaking in fiillerenes, and electrochemically induced C-C activation o f  CgHg in the 
pseudo-triple-decker complex [Cp2Ru2(p-cyclo-C8H8)] [Scheme 5.26.].62
+ Pt(CH2=CH2)(PPh3)2
R \  
Ph3P/  PPh3
Scheme 5.26.
5.1.3.3. Catalytic reactions involving C-C bond cleavage.
Selective and efficient C-C activations set important goals in organometalic 
chemistry as much for the novelty of the reaction mechanism involved as the application it 
could lead to. Compared to the catalytic pathways developed through C-H activation, the 
field of catalytic C-C bond activation is undeveloped; nevertheless its potential 
applications to the petroleum industry attracts more and more research. This field of 
research has already been successfully described in major reviews and articles37,39 and 
therefore we will go into little detail on the subject here. However we intend to give the 
reader an overview of the latest advances in this area. An early example was found when it 
was noted that tetraphenylene is formed quantitatively from biphenylene in the presence o f
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a catalytic amount of Ni(cod)(PMe3 ) 2  [Scheme 5.27.].63
Ni(cod)(PMe3)2
10 mol % 
THF / 100°C
Scheme 5.27.
This research was recently extended by Jones et al to Pt(PEt3 )3  and Pd(PEt3 )3  and 
mechanistic studies described by them suggest a double oxidative addition of the 
biphenylene, leading to a bis-biphenylene M(IV) complex which finally generates the 
product [Scheme 5.28.].64






In another example, substituted phenols are synthesized by the Ni(0)-catalyzed ring 
opening of cyclobutanone under very mild conditions and subsequent [4+2] cycloaddition

















P art 2 Chapter 5 -  C -C  and C -H  bond activation in N-heterocyclic carbene com plexes o f  ruthenium
In a rather interesting example reported by Harayama et al. a six-membered allylic 
carbonate undergoes a palladium-catalyzed C-C bond cleavage to afford a dienic carbonyl 
compound [Scheme 5.30.].66
Pd^dba), ^
5  mo) % 
CHjCN CHO 82%
Scheme 5.30.
In this example, decarboxylation of the carbonate moiety provides the driving force 
for production o f the intermediate five-membered hetero-palladacycle from which formal 
reductive cleavage takes place.
A very nice catalytic process allows conversion of a spirobutanone equipped with a 
second four membered ring to afford 2-cyclohexanone. The process is catalyzed by 
[Rh(dppp)2 ]Cl which successively cleaves two C-C bonds one by oxidative addition and 
the other by P-carbon elimination [Scheme 5.31.].67












The cleavage of the diphosphine pincer ligand previously described was recently 
extended to catalytic applications. The methylene group was excised from the pincer 
ligand under hydrogen to afford the free bidentate C-C activated phosphine ligand, along 
with CH4 . This can be accomplished catalytically generating up to 106 turnovers in 3 days 
[Scheme 532.].“
H2 (1 .7  atm )
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To summarise, C-C activation reactions are generally restricted to either strained 
systems or those used by Milstein and et al., which although unstrained, place the C-C 
bond in such a close proximity to the metal, that it has no other option than to break. In the 
result section now to be described, we demonstrate the first example o f C-C bond 
activation ofN-heterocyclic carbene ligands, a truly unstrained C-C cleavage.
5.2. Results and discussion.




O C O C
(1) (26)
Scheme 5.33.
Thermolysis of a benzene solution o f Ru(PPh3)3(CO)H2 with 3 equivalents o f IMes
(25) in toluene at 80°C for 14 days afforded Ru(PPh3 )2(IMes)(CO)H2 (26) (Scheme 5.33.]. 
The formation of (26) was monitored using 31P{1H} NMR spectroscopy [Spectrum 5.1.]. 
This showed depletion of the signals at 58.2 and 46.1 ppm from (1) and growth of two new 
doublets at 59.0 and 47.8 ppm for (26). Complex (26) was isolated in a 65% yield by 




Figure 5.3. - NMR assignment of the proton and carbon atom of (26)
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The hydride region showed two signals consistent with the presence of two 
hydrides H a and H b , sitting in different environments. Ru-Hb appears as a doublet of 
doublet of doublets at -6.36 ppm (Jnpb = 26.8, Jhph = 23.6, JnHb = 6.0 Hz) placing it cis to 
the two phosphorus ligands and cis to Ha. Ru -Ha appears as a doublet o f doublet of 
doublets at -8.08 ppm (./upb = 81.2, J\w& = 33.6, ,/HHb = 6.0 Hz, 1H, Ha) demonstrating that 
it sits trans to Pb (indicated by the large coupling constant) and cis to Pa and Hb. There is 
no major influence on the chemical shift of the hydride resonances upon substitution of 
phosphine by IMes (c.f. hydride resonances for (1) at -6.53, -8.29 ppm).
H(b) H(a)
I 1 ' • 1 1 I 1 1 1 ' I 1 ' 1 ' I ' ' ' ' '  I ' T -T- r  I ' '  ■ '  | ■ ' ' '  | ■ ■ ' ' I ■ I ■ ■ | I ■ T r j -  ■ . ■ ! I I ■ I I I i I ■ ■ I I 1 t - T -y  ■ ■ ■ i - |  ■ ■ ■ ' ^
Spectrum 5.1. - JH  NMR spectrum showing the form ation o f  (26).
The nature of Pa and Pb was determined unequivocally on the basis of selective 
decoupling of the phosporus signals from the hydride resonances. The proton NMR 
spectrum also exhibits characteristic signals validating the presence of a coordinated 
carbene on the complex. This is shown by three different methyl signals (H-7, H-5, H-£) at 
2.26, 2.20, and 1.82 ppm, one signal for NCH=CHN (H-/0) at 6.25 ppm and two different 
signals at 6.86 and 6.82 ppm for the IMes phenyl protons (H-3, H-6). In the ^ C ^ H ) NMR 
spectrum, the Ru-CO carbon gives rise to a triplet at 205.2 ppm (Jcp = 8.8 Hz), cis to the 
two phosphorus ligands. The ruthenium carbene carbon (C-1J) gives rise to a doublet of 
doublets at 197.7 ppm (JCpa = 75.5, Jcpb = 6.7 Hz). The coupling constants indicate that (C- 
11) is trans to Pa (large coupling constant) and cis to Pb. The IR spectrum showed a single
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band in the carbonyl region at 1937 cm’1. The low value of vco compared to that observed 
for (1) (1960 cm'1) is consistent with a ruthenium species bearing a strongly a-donating 
IMes ligand. Other examples in the literature have revealed a comparable influence in the 
shift of vco-69
The difference in chemical shift between (H-7) and (H-£), as well as for (H-i) and 
(H-b), suggests that these are in a different environment in solution, probably due to a lack 
of free rotation a the N-boutC axial bond of the IMes ring as well as around the Ru-C 
bond.
X-Ray 5.1: X-ray structure o f Ru(PPh3) 2 (IMes)(CO)H2. The ellipsoids are represented at 
50% o f the occupancy, and the hydrogens (apart from hydrides) have been removed for  
clarity.
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The full molecular geometry o f (26) was elucidated by X-ray crystallography (X- 
Ray 5.1.); selected geometric data are given in Table 5.1.. The geometry around the 
ruthenium is distorted octahedral. The two triphenylphosphine ligands are cis to each other, 
the IMes ligand trans to one phosphine and cis to the other plus the carbonyl ligand is cis 
to both phosphines. The C(37)-Ru(l)-P(2) bond angle is smaller than expected for an 
octahedral complex with an angle of 146.33(5)° rather than 180°. This fact is reinforced by 
the larger than expected C(37)-Ru(l)-P(l) angle of 104.94(5)°. This effect is probably due 
to a combination of the electronic properties of the carbene moiety as well as the bulkiness 
of the carbene and the phosphine ligands as shown by a side view of the molecule [Figure
5.4.]. The interaction between the phosphine ligand cis to IMes forces the carbene and the 
remaining phosphine toward the hydride region, a less sterically crowded coordination site.
Figure 5.4. - Side view o f (26), the phenyl on the phosphines, and part o f the Mes ligands 
are omitted for clarity.
The Ru-Pl distance is significantly longer than the Ru-P2 bond length (2.3628 vs. 
2.2985 (5) A). The elongation o f the Ru-Pl bond is due to the trans influence of a hydride 
group. This effect is observed in the structure of other hydride complexes such as (1) 
(2.4010(6) vs 2.3241(6)).70 A structural comparison of (26) and (1) shows no influence 
from the carbene ligand upon the overall bond distances within the complexes as shown by 
the selected geometric data for (1) given in Table 5.1. (X-ray structure for (1) available in 
[Figure 5.5.]). Also very little effect is observed on the angular values in the complex.
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Figure 5.5. -  X-ray structure o f (1).70
(26) (1)
Selected Bond Lengths [A]
Ru(l)-C(58) 1.9145(17) Ru(l)-C(l) 1.893(3)
Ru(l)-P(2) 2.2985(5) Ru(l)-P(l) 2.3241(6)
Ru(l)-P(l) 2.3628(4) Ru(l)-P(2) 2.4010(6)
Ru(l)-C(37) 2.0956(17) Ru(l)-P(3) 2.3111(7)
0(1)-C(58) 1.158(2) C(l)-0(1) 1.155(3)
N(2)-C(37) 1.383(2) N(l)-C(38) 1.388(2)
N(l)-C(37) 1.386(2) N(2)-C(39) 1.384(2)
C(38)-C(39) 1.339(3) Ru(l)-H(2) 1.65(3)
Ru(l)-H (l) 1.55(2)A Ru(l)-H(l) 1.59(3)
Ru(l)-H(2) 1.57(2) A
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Selected Bond Angles n
C(58)-Ru(l)-C(37) 99.44(7) C(l)-Ru(l)-P(l) 104.20(8)
C(3 7)-Ru( 1 )-P(2) 146.33(5) C(l)-Ru(l)-P(2) 91.21(8)
C(37)-Ru(l)-P(l) 104.94(5) C(l)-Ru(l)-P(3) 96.20(8)
C(5 8)-Ru( 1 )-P(2) 94.76(5) P(l)-Ru(l)-P(2) 101.35(2)
C(58)-Ru(l)-P(l) 100.65(5) P(l)-Ru(l)-P(3) 147.86(2)
P(2)-Ru(l)-P(l) 102.166(16) P(2)-Ru(l)-P(3) 102.78(2)
H (l)-R u(l)-H (2) 85.9(8) H(l)-Ru(l>H(2) 87(2)
C(3 7)-N(2)-C(3 9) 112.66(14)
C(37)-N(l)-C(38) 111.97(14)
N(2)-C(37>N(1) 101.55(14)
Table 5.1. - Selected bond distances [A] and bond angles f°]fo r (26) and, fo r  comparison,
complex (1).
5.2.1.2. Synthesis and characterization of Ru(PPh3 )2 (IMes,)(CO)H (30)
PPh3 IMes IMes
Ph3P///, I Ph3P^ /, I Ph3p'/,, I
'R u ' l  IMes ,R u ‘ IM es» "'Ru''






r  — N N
Scheme 5.34.
Continued heating of (26) for a further 2 days at 110* C afforded the C-C insertion 
product (30) resulting from cleavage of an Ar-CH3 bond [Scheme 5.34.]. Complex (30) 
was isolated in a 96% yield by crystallization from benzene/ethanol and characterized by 
multinuclear NMR spectroscopy.
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Figure 5.6. - NMR assignment o f the proton and carbon atoms o f (30)
The 31P{1H} NMR spectmm displayed a singlet resonance at 8  55.1 ppm. The Ru- 
H resonance appears as a triplet at -6.99 ppm ( J h p  = 28.4 Hz) in the NMR spectrum 
[Spectrum 5.2.], demonstrating that the complex contains two mutually trans phosphine 
ligands. The proton NMR spectrum also exhibits four different methyl signals for IMes 
ligand (H-70, H-2 , H-7 7, H-7) in a 1:1:1:2 ratio, implying activation of one o f the mesityl 
rings. This observation is confirmed by the presence of two inequivalent signals for the 
NCH=CHN moiety, H-& and H-7. Full assignment of the unactivated and activated ring 
protons in the two Mes groups was made by JH NOESY which shows an interaction 
between (H-75, H-73) and H-77 [Spectrum 5.2.], as well as between H-10 and (H-£, H- 
73). In the ^C ^H } NMR spectrum, the carbonyl moiety gives rise to a triplet at 207.4 ppm 
(Jcp = 1 0 . 0  Hz). The carbene carbon (C-77) is also a triplet (Jcp = 6 . 6  Hz), verifying that 
the complex contains two mutually trans phosphine ligands. Interestingly a triplet signal 
arises at 163.5 ppm ( J c p  = 16.9 Hz); it is assigned unequivocally to the ipso carbon of the 
aryl group on the IMes ligand on the basis o f 13C PENDANT as well as 13C-!H  HMQC and 
HMBC experiments.
The IR spectrum shows a single carbonyl band at 1914 cm' 1 consistent with the 
proposed structure and showing the effect of the strongly a-donating IMes ligand. The 
effect is enhanced by an increase of electron density on the metal from the C5 
orthometalated ring. This induces more backbonding from the metal to the Ru-CO and 
results in a decrease in the frequency of vco for (30) in comparison to (26).
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Spectrum 5.3. - ]H - H  NOESY spectrum o f (30) indicating the loss o f a methyl group on 
the IMes ligand. Only two -CH3 groups interact through space to H(15) and H(13), instead 
o f three -CH3 which is the case fo r the free rotating mesityl ring.
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The full molecular geometry of (30) was elucidated by X-ray crystallography [X- 
Ray 5.2.], Selected bond distances and bond angles are available in Table 5.2.,
X-Ray 5.2. - X-ray structure o f Ru(IMes )(PPh3) 2 (CO)H. The ellipsoids are represented at 
50% o f the occupancy, and the hydrogens have been removed fo r clarity.
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Selected Bond Lengths [A]
Ru(l)-C(57) 1.8908(13) C(47)-C(48) 1.344(2)
Ru(l)-C(54) 2.1429(12) C(49)-C(50) 1.4029(18)
Ru(l)-P(2) 2.3357(3) C(50)-C(51) 1.399(2)
Ru(l)-C(46) 2.0746(12) C(51)-C(52) 1.387(2)
Ru(l)-P(l) 2.3232(3) C(52)-C(56) 1.5128(19)
0(1)-C(57) 1.1547(17) C(49)-C(54) 1.4161(18)
N(2)-C(48) 1.3951(17) C(50)-C(55) 1.511(2)
N(2)-C(46) 1.3741(16) C(52)-C(53) 1.3945(18)
N(2)-C(49) 1.4376(16) N(l)-C(37) 1.4394(16)
N(l)-C(46) 1.3673(16) N(l)-C(47) 1.3928(17)
Selected Bond Angles n
C(5 7)-Ru( 1 )-C(46) 100.59(5) P(l)-Ru(l)-P(2) 156.010(12)
C(46)-Ru(l)-C(54) 76.30(5) C(46)-N( 1 )-C(47) 111.06(11)
C(46)-Ru(l)-P(l) 101.42(3) C(46)-N(1>C(37) 124.31(11)
C(5 7)-Ru( 1 )-P(2) 96.51(4) C(46)-N(2>C(49) 116.64(10)
C(54)-Ru(l)-P(2) 82.23(3) C(46)-N(2)-C(48) 110.74(11)
C(5 7)-Ru( 1 )-C(54) 176.42(5) N(l)-C(46)-N(2) 104.08(10)
C(57)-Ru(l)-P(l) 94.56(4) C(47)-C(48)-N(2) 107.03(12)
C(54)-Ru(l)-P(l) 87.85(3) C(48)-C(47)-N( 1) 107.07(12)
C(46)-Ru( 1 )-P(2) 97.38(3) N(2)-C(46>Ru(l) 117.78(9)
C(49)-C(54)-Ru(l) 115.92(9) C(54)-C(49)-N(2) 112.88(11)
Table 5.2. - Selected bond distances [A] and bond angles [°] fo r  (30).
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The structure clearly shows that the ruthenium atom has inserted into one of the 
ortho Ar-CH3 bonds of the IMes ligand to give a new Ru-C bond (2.1429(12) A) which is 
an integral part of a five-membered metallacycle. The mesityl ring planes are 
approximately perpendicular to each other (torsion angle C(42)-C(37)-N(l)-C(47) = 
101.1°) presumably to minimize interaction with the phosphines [Figure 5.7.].
Figure 5.7. - X -ray structure o f  (30) (with van der Waals radius) showing the interaction 
between the phosphine and the m esityl rings that forces the mesityl ring into a  
perpendicular position towards another. (NB: Phenyl ring are in blue, and mesityl ring are 
in pink).
At the same time the mesityl rings appear to be bent, not through a rotation of the 
C-N bonds but rather from a slight reduction of the C(37)-N(1)-(I*) and C(49)-N(2)-(I*) 
angles (=172° rather than 180°) [Figure 5.8.]. In fact, one would expect C(49), N(2), N(l), 
C(37) to be part of the same physical plane. One reason this is not the case could be due to 
the strong interaction of the bulky mesityl ring with the phenyl rings on the phosphine as 
suggested by the view [Figure 5.7.]. (NB: I* centre of the N 1C47C48N2C46).
Figure 5.8. - Bending o f  the phenyl rings out o f  the plane o f  the imidazolylidene ring (I* 
set as centre o f  the imidazolylidene ring fo r  use o f  measurements)
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Futher studies of the C-C activated carbene ligand reveal other significant effects of 
the cyclometalation: the N(l)-C(46)-N(2) angle is more open than in the structure of (26) 
(104.08(10)° vs 101.55(14)°) and other related carbene complexes.71 The C(46)-N(2)-C(49) 
angle is considerably smaller than its counterpart C(46)-N(l)-C(37) (116.64(10)° vs 
124.31(11)°), and more generally the angles throughout the metallated ring testify to a 
relatively strained system [Figure 5.9.], The bond distances within the C-C activated EMes 
system are affected very little by the activation process and remain comparable to the 
distances observed in (26) and other reported systems.71 Nevertheless it is worth quoting 
some small differences in the imidazolylidene skeleton of (30) in comparison to (26). In 
the non-metallated system, the N-C bond distances within the five membered are ring the 
same length (=1.38 A for (26)), whereas in this case the N-C bonds (N(l)-C(46) and N(2)- 
C(46)) are now smaller than the (N(l)-C(47) and N(2)-C(48) bonds (=1.36 vs 1.39 A), 
showing an increase in the double character of N(l)-C(46) and N(2)-C(46) [Figure 5.9.]. 
The ruthenium carbene bond distance remains comparable to the one observed in (26) and 
other related structures.71 The ruthenium metallated carbon (Ru-C(54)) distance is slightly 
longer than other related metallated complexes (e.g. 2.120(5) A for (17)).72
Figure 5.9. - Significant bond distances and angles fo r the C-C activated IMes ring.
In 1979 Lappert et al reported the intramolecular C-H activation o f bis(l,3-(4- 
methylphenyl)imidazol-2-ylidene) complexes of ruthenium leading to the formation of the 
structurally characterised species (a) and (b) [Figure 5.10.], The bond distances and angles 
within the metallated ligands are comparable to the ones we observe for (2) [Figure 5.9.], 
Bending of the carbene moiety is not observed in the Lappert examples. This is probably 
due to the presence of less bulky phosphine (PE t3 compared to PPI13).
Angle ini n  0 Distances in A
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The core structure of (30) is distorted octahedral with an attenuated P(l)-Ru-P(2) 
angle of only 156.010(12)° This strain is likely to be electronic in origin as a similar 
distortion in related osmium hydrido-carbene complexes has been rationalized by enhanced 
7i-back-donation to the cis carbene ligand,74 but nevertheless this account has to be 
considered carefully as it is not observed in Lappert’s structures. This could be because a 
smaller less bulky phosphine and carbene moiety are used, therefore minimizing the 








, r  ^Et3P//,D .














Figure 5.10. - X-ray structures reported by Lappert et al., presenting structural 
similarities to (30).
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5.2.I.3. Synthesis and characterization of Ru(IMes” )(PPh3)2(CO)H (31)
N /
Ru
O C O CRT
P P h 3 P P h 3
Scheme 5.35.
At no stage in the formation of the C-C activated complex could we detect any 
signals due to C-H activation as a result of ArCH2-H cleavage. However, this process does 
occur quantitatively upon addition of 1 equivalent of CH2=CHSiMe3 to a C6D6 solution of




Figure 5.11. - NMR assignment o f the proton and carbon atom o f (31)
(2 )  (1 3 )  (1 4 )
(11) 
( 1 9 )  (1 7 )
(1 5 b )
3 J 3.0 2J 2.0 1.58.0 7 J 7.0 6.3 6.0 3.0 4.0
Spectrum 5.4. - JH NMR spectrum of (31)
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The 31P{1H} NMR spectrum of (31) shows two set of doublets at 53.7 (Jpp =18.1 
Hz, Pa) and 28.4 (Jpp = 18.1 Hz, Pb) ppm, while the lH NMR spectrum displays five 
different methyl signals (H-7, H-2, H-3, H-73, H-14) [Spectrum 5.4.]. This indicates a 
strong asymmetry in the IMes ligand, an observation reinforced by the presence of two 
signals at 8 2.76 and 1.35 ppm arising from the inequivalent protons of the Ru-CT^Ar 
bond (H-15). ^ ^ H  COSY indicates that these two protons couple to each other 
[Spectrum 5.6.], while the 31P{1H}-1H HETCOR spectrum also indicates that each 
phosphorus nucleus couples to only one Ru-C7/2Ar proton.
These experiments led us to observe that the Pa-H(15a) coupling is comparable to 
the H(15a)-H(15b) coupling since a broad triplet resonance is observed for H(15a). A 
broad resonance is observed for H(15b). These resolved upon cooling to 0°C into a broad 
doublet of doublet for H(15a) (JHaHb =11.0 Hz, JPHa = 11.6 Hz) and a broad unsymmetrical 
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Spectrum 5.5. - 3lP ( H } - H  HETCOR spectrum o f  (31) indicating the correlation between 
Pa and H ( 15a) a n d P b andH (15b).
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Spectrum 5.6. - !H - H  COSY spectrum o f (31) indicating the activation o f a methyl group 
on the IMes ligand and showing the presence o f coupling between H(15a) and H(15b).
The hydride resonance appears as a doublet of doublets, with the magnitude of the 
coupling constants (Jm  = 102.4, 30.8 Hz) placing it trans and cis with respect to the two 
PPh3 ligands [Figure 5.11.]. In the 13C{!H} NMR spectrum, the carbene carbon appears as 
broad doublet at 191.5 (Jcpa= 84.3 Hz). A broad singlet resonance at 149.3 ppm is assigned 
to the RU-CH2 carbon on the basis of 13C PENDANT as well as 13C-!H HMQC and HMBC 
experiments. The IR vibrations of (31) (1955 ( v r uh ) ,  1919 (vco) cm'1) are shifted to lower 
frequency by comparison to (26), but remain higher than observed for (30), implying less 
back bonding from the metal to the carbonyl.
The full molecular geometry of (31) was elucidated by X-ray crystallography [X-Ray
5.3.], Selected bond distances and bond angles are available in Table 5.3.
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H(19A)
H(99)
X-Ray 5.3. - X-ray structure o f Ru(IMes’)(PPh3) 2(CO)H. The ellipsoids are represented 
at 50% o f the occupancy, and the hydrogens have been removed fo r clarity.
Selected Bond Lengths [A]
Ru(i)-C(i) 2.0786(19) N(2)-C(3) 1.391(3)
Ru(l)-C(58) 1.868(2) C(14)-C(19) 1.485(3)
Ru(l)-C(19) 2.2346(19) C(13)-C(14) 1.399(3)
Ru(i)-P(i) 2.4230(5) C(14)-C(15) 1.399(3)
Ru(l)-P(2) 2.3521(5) C(15)-C(16) 1.396(3)
Ru(l)-H(99) 1.60(2) C(16)-C(20) 1.511(3)
0(1)-C(58) 1.155(2) C(16)-C(17) 1.387(3)
N(l)-C(2) 1.393(3) C(17)-C(18) 1.391(3)
N(2)-C(l) 1.381(2) C(18)-C(21) 1.513(3)
N(2)-C(13) 1.436(2) C(13)-C(18) 1.401(3)
N(l)-C(l) 1.372(3) N(l)-C(4) 1.447(2)
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Selected Bond Angles [°]
C(58)-Ru(l)-C(l) 94.42(8) C(2)-N(l)-C(4) 120.67(16)
C(l)-Ru(l)-P(2) 155.71(5) C(l)-N(2)-C(13) 124.70(16)
C(l)-Ru(l)-P(l) 98.88(5) C( 14)-C( 19)-Ru( 1) 113.01(13)
C(l)-Ru(l)-C(19) 78.79(7) C( 13)-C( 14)-C( 19) 120.20(17)
C(58)-Ru(l)-P(l) 86.61(6) C(l)-N(2)-C(13) 124.70(16)
C(19)-Ru(l)-P(l) 101.10(5) C(l)-N(l)-C(4) 127.60(16)
N(l)-C(l)-N(2) 102.66(16) C(l)-N(2)-C(3) 111.42(16)
P(2)-Ru(l)-P(l) 102.096(17) C(l)-N(l)-C(2) 111.71(16)
C(l)-N(l)-C(4) 127.60(16) C(2)-N(l)-C(4) 120.67(16)
C(l)-N(2)-C(3) 111.42(16) C(l)-N(2)-C(13) 124.70(16)
C(3)-N(2)-C(13) 123.78(16) C(2)-C(3)-N(2) 107.13(17)
C(l)-N(l)-C(2) 111.71(16) C(3)-C(2)-N(l) 107.01(18)
Table 5.3. - Selected bond distances [A] and bond angles [°] for (31)
The X-ray structure of (31) shows a distorted octahedral geometry around 
ruthenium with a P(l)-Ru-P(2) angle of 102.096(17)°. The structure clearly shows that the 
ruthenium atom has inserted into one of the ortho ArCH2-H bonds of the IMes ligand to 
give a new Ru-C bond (2.2346(19) A) as an integral part of a six-membered metallacycle. 
The mesityl ring planes are in an eclipsed position where the activated ring rotates 
approximately 50° away from the plane (torsion angle C(14)-C(13)-C(4)-C(9) = 49.8°). 
This torsion of the ring is less than observed for (30) but remains comparable to other 
reported examples of intramolecular C-H activated IMes ligands such as reported by Nolan 
et al. for Rh(IMes)(IMes” )(Cl)(H)75 (torsion angle C(35)-C(24)-C(27)-C(22) = 42.2°). As 
shown in Figure 5.1., the IMes fragment in (31) has some typical feature as a result of the 
cyclometalation; the C(19)-C(14) of the ortho metallated C-H bond is slightly shorter than 
the other methyl bonds along the mesityl rings (1.485(3) vs 1.513(3) and (1.511(3)A). 
However as already observed for (30) very little effect on the overall bond distances is 
seen within the structure of (31). The main effect of the cyclometalation affects the angles 
within the IMes ligands, shown by the reduced Cph-N-C: angle (C(l)-N(2)-C(13) =
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N(2)-C(13) = 124.70(16)°) after the formation of the 6-membered ring. The Ru-CO bonds 
are comparable to many examples reported in the literature, as well as to the structures 
described so far in this chapter.
126.08
78.79 113.01
Angle in °  Distances in A
Figure 5.12. - Significant bond distances and angles fo r the C-H activated IMes ring.
The C(l)-Ru(l)-P(2) bond is severely bent (155.71(5)°) toward the C(19)-Ru(l)- 
H(l) region mainly due to the bulkiness of the phosphines. This idea is supported by the 
fact that this bending of the C(l)-Ru(l)-P(2) bond does not appear in the phosphine free C- 
H activated complexes of IMes [Figure 5.12.], A second point to notice is the presence on 
a strongly bent imidazole ring relative to the Ru(l)-C(l) bond (y = 14.38°) [Chapter
5.2.3.],
5.2.1.4. Mechanistic studies of the C-C activation reaction.
Ru Ru:
OC RT OC
P P h P P h
Scheme 5.36.
While (30) appears to be the thermodynamically favoured product in this system, 
efforts to convert the C-H activated species (31) into the C-C complex (30) proved 
unsuccessful. Reaction of (31) with 1 atm of H2 led only to the reformation of (26) within 3 
days at room temperature [Scheme 5.36.].
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The formation of (30) starting from (26) proceeds via the intermediacy of the bis 
carbene species Ru(PPh3)(IMes)2(CO)H2 (29) [Scheme 5.36., Spectrum 5.6.] which, was 
characterised by 31P{1H} and ]H NMR spectroscopy. Complex (29) shows a single 
phosphorus resonance at 47.3 ppm, and two distinctive doublet of doublets for the hydride 
groups in the proton NMR spectrum. One shows a cis coupling to phosphorus and to 
hydride (Jhp = 18.8, Jh h  = 7.1 Hz), while the other displays trans splitting to phosphorus 
(Jhp = 93.5 Hz) and cis coupling to hydride (Jhh  = 7.1 Hz). The species was further 














-6.0 -7.4 -7.6 -7X-6.8 -7.0 -7.2
(26)
(26) (29)
61 60 59 58 57 56 55 54 53 52 50 48 47 4551 46
Spectrum 5.7. - !H and ^ P fH}  NMR spectra showing the formation of (29).
180
Part 2 Chapter 5 -  C-C and C-H bond activation in N-heterocyclic carbene complexes o f  ruthenium
Labeling experiments.
While the precise mechanism surrounding the formation of (30) has yet to be
established, a number of observations show that the pathway is not straightforward. In
particular, when the formation of (30) was performed in and followed by and 
NMR, extensive H/D exchange into both the hydride and the two PPh3 ligands of 
the product [Scheme 5.37.] and into the ortho positions of free PPh3 in solution [Spectra 
5.8.] was detected.76 These surprising results have led us to investigate the importance of 





0 C  C6D6
PPh3
Scheme 5.37.
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Spectrum 5.8. - n P{IH} spectrum showing extensive H/D exchange as shown in Scheme 
5.57.
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Thus, conversion of (26) exclusively to (29) in C<$)6 at 80°C leads to no H/D 
exchange, while subsequent thermolysis of (29) at 110°C affords a mixture of H/D 




















H/D exchanged  
mono-IMes, bis 
IMes, C-C activated 
and free P P h 3
Upon reaction of (26) with D2 at room temperature, (26)-HD and (26)-DH (50/50) 
were generated within 4 days, while a further 7 days afforded (26)-D2 [Scheme 5.39., 
Spectrum 5.9.], This process of H/D exchange, although not unusual, remains rare at room
temperature. 77
IM es
Ph3K  I „,H




Spectrum 5.9. - 3IP{1H} and JH NMR spectra during the room temperature deuteration of
(26) under D2.
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Subsequent reaction of (26)-D2 with IMes at 80 °C in C6D6 gives (29)-H2, (29)-HD, 
(29)-D2 and exchanged PPh3, while further heating of the mixture generated similar 
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Spectrum 5.10. - 31P {1H} and 1H spectra showing extensive H/D exchange as shown in
Scheme 5.38.
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These results suggest that PPI13 activation is important in the conversion of (26) to 
(29), that solvent activation subsequently occurs at higher temperature, and finally that 
there is a reversible reaction between (26) and (29).
The experiments we have run show that the conversion of (26) to (29) and 
ultimately to (30) requires the presence of free IMes, even though the C-C activation 
product only contains one carbene ligand. In fact thermolysis of (26) in CeD6 in the 
absence of IMes resulted in only trace amounts of (30) being formed, along with (26)-HD, 
(29)-H2, (29)-HD, (1) and (l)-HD.
o
Attempts to change the solvent used in the reaction to d toluene resulted in 
extensive H/D being observed (under the same conditions). Surprisingly almost no H/D
• ftwas observed when using d -thf even under the long reaction time required to form (26). 
Further investigation of the influence of thf as a solvent for the reaction showed that (26) 
could be formed almost selectively in thf, whereas use of benzene or toluene inevitably 
resulted in a reasonable amount of (30) being formed. Therefore thf was chosen as a 
preferred solvent for the selective synthesis of (26). The absence of H/D exchange 
observed in thf and the selective formation of (26), indicates the importance of solvent 
activation in the pathway to C-C activation. This is currently under investigation by 
another student.
DFT calculations.
As proposed by Milstein and Martin and their co-workers, the oxidative addition of 
a C-C bond can start with a kinetically favoured C-H activation reaction prior to the 
thermodynamically favoured C-C activation process.60,78 In order to see if C-H activation 
was on the pathway to C-C activation in these NHC complexes, DFT calculations79 were 
performed by Dr Stuart Macgregor (Heriot-Watt University) with (2- 
methylphenyl)imidazol-2-ylidene and PH3 as model ligands [Figure 5.13.]. Computed 
metal-ligand distances in (x), (y), and (z) (models of (26), (30) and (31) respectively) were 
in good agreement with the experimentally determined values, although the angles at the 
metal centre (e.g. cw-P-Ru-P and trans-C iM e s - R u - P )  were underestimated as a consequence 
of using less sterically demanding ligands in the calculations. However, the small trans-P- 
Ru-P angle in (30) (156.0°) was reproduced in (y) (159.4°) confirming that electronic 
factors are responsible for this distortion. The computed energies show that while (z) (+H2) 
is 47.3 kJ/mol higher in energy than (x), (y) (+CH4) is 31.4 kj.mol' 1 more stable than (x).
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These results confirm that the C-C activation species is indeed the thermodynamically 
preferred reaction product. Moreover, the higher energy of the C-H activation product 
supports the idea that this species does not lie on the formation pathway of the C-C 
activated complex. Further calculations on the bis carbene analogue of (30) are needed, 
along with a profile of the reaction pathway before the solution results can be fully 
rationalised.
x (E = 0.0)
C-C ActivationC-H Activation
-H
y (E = -31.4)z (E = +47.3)
Ru
Figure 5.13. - D F T  calculations perform ed with the A D F program  using the B P86  
gradient-correctedfunctional (Perform edby Macgregor, S. A.; H eriot-W att Univeristy. 
(NB: Relative energies in kca l.m ot1)
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5.2.2. Synthesis and characterization of Ru(L)(IMes” )(CO)H [L = dppp, arphos] 
and their C-H activation reactions.
5.2.2.1. Formation of Ru(dppp)(IMes)(CO)H2 (27)
IMes




The synthesis of Ru(dppp)(IMes)(CO)H2 (dppp = Ph2P(CH2)PPh2) was performed 
in a similar way to that for (26) [Scheme 5.41.]. Comparable reaction time was required, 
though this could be reduced by using Ru(dppp)(AsPh3)(CO)(H2) as the precursor instead, 
bringing the synthesis time to 1 week at 110°C. Removal of solvent and washing with 
ethanol gave a white solid in a 73% yield. X-ray quality crystals were grown by layering a 
benzene solution of (27) with ethanol.









Figure 5.14. - NMR assignment o f  the proton and carbon atom o f (27)
The formation of (27) was monitored using 31P{1H} NMR, which showed two new 
doublet signals at 40.6 and 28.1 ppm for (27). The hydride region of the *H NMR spectrum 
showed the presence of two sets of signals consistent with the presence of two hydrides Ha 
and Hb. Ru -Hb appears as a doublet of doublet of doublets at -6.12 ppm (JHbPb = 22.9, JnbPa 
= 15.5, JpibHb = 5.8 Hz) and Ru-Ha appears as a doublet of doublet of doublets at -7.07 ppm
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spectrum, the carbonyl carbon gives rise to a triplet at 205.8 ppm (Tcp = 9.0 Hz) indicating 
that the carbonyl carbon is cis to two phosphorus nuclei, whereas the ruthenium carbene 
carbon (C-JJ) appears as a doublet of doublets at 195.5 ppm (Jcpa = 75.5, Jcpb = 7.5 Hz), 
indicating that (C - l l ) is trans to one phosphorus (large coupling constant) and cis to the 
other. The IR spectrum showed a single band in the carbonyl region at 1937 cm'1.
1.5 1.08.5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Spectrum 5.11. - }H  NMR spectrum o f  (27)
The full molecular geometry of (27) was elucidated by X-ray crystallography [X- 
Ray 5.4.]. Selected bond distances and bond angles are available in Table 5.4., The 
ruthenium is centred at the base of a distorted octahedral structure with the IMes ligand 
trans to one phosphine of the dppp fragment and cis to the other. The two hydrides were 
freely refined and are shown to be cis to each other (H(l)-Ru(l)-H(2) = 83.2(10)°), one 
being trans to a phosphine ligand. The carbonyl ligand is in a cis position to both 
phosphine groups. The same structural features noted for (26) apply to the structure of
(27). The structure is severely bent around the C(2)-Ru(l)-P(2) axis (158.78(4)) mainly 
due to the bulkiness of the phosphines, but it is no different to that previously observed in 
the structure of Ru(dppp)(PPh3)(CO)H2 80a Finally it is important to note that the carbene 
ligand is again out of Ru-C(2) axe with a Ru-C carbene bond [Chapter 5.2.3.],
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X-Ray 5.4 - X-ray structure o f Ru(dppp)(IMes)(CO)H2 . The ellipsoids are represented at 
50% o f the occupancy, and the hydrogens have been removed fo r clarity.
Selected Bond Lengths [A] Selected Bond Angles f ]
Ru(l)-H(2) 1.589(14) H(2)-Ru(l)-H(l) 83.2(10)
Ru(l)-H(l) 1.632(15) C(2)-Ru(l)-P(2) 158.78(4)
Ru(l)-C(l) 1.9054(15) C(l)-Ru(l)-P(l) 91.29(5)
Ru(l)-C(2) 2.0981(12) C(2)-Ru(l)-P(l) 105.13(4)
Ru(l)-P(2) 2.2816(3) P(2)-Ru(l)-P(l) 91.224(14)
Ru(l)-P(l) 2.3392(4) C(l)-Ru(l)-C(2) 100.16(5)
0(1)-C(1) 1.1561(19)
Table 5.4. - Selected bond distances [A] and bond angles [°] for (27).
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5.2.2.2. Formation of Ru(dppp)(IMes” )(CO)H (32)






Addition of 1 equivalent of CH2=CHSiMe3 to a C6D6 solution of (27) at 100°C for 
24 hr resulted in dehydrogenation of the complex yielding (32) in an 89% yield [Scheme 
5.42.].
OC'
Figure 5.15. - NMR assignment o f  the proton and carbon atom o f (32)
The formation of (32) was monitored using ^ P j’H} NMR and showed two new 
sets of doublets for (32) at 39.6  and 15.2 ppm. The 'H NMR spectrum displayed a single 
hydride resonance coupled to the two 31P nuclei (Jrp = 102.6, 21.1 Hz) in a trans and cis 
orientation. The two inequivalent methylene protons appears as a doublet of doublets (Jhh 
= 10.8, JHp = 14.2 Hz) and a broad triplet (J = 10.2 Hz) [Spectrum 5.12.]. In the l3C{1H} 
NMR spectrum, the carbonyl carbon gives rise to a triplet at 204.5 ppm (J c p  = 9.1 Hz) 
indicating that it lies cis to the two ends of the dppp ligand, while the ruthenium carbene 
carbon (C -21) gives rise to a doublet of doublets at 191.5 ppm (Jcpa= 82.3 Hz, Jcpb= 8.3 
Hz). The IR spectrum showed a single band in the carbonyl region at 1920 cm'1.
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Spectrum 5.12. - *H spectrum NMR o f  (32).
The full molecular geometry of (32) was elucidated by X-ray crystallography [X- 
Ray 5.5.], Selected bond distances and bond angles are available in Table 5.5.. The 
ruthenium is centred at the base of a distorted octahedral structure with the IMes ligand 
trans to one phosphine of the dppp fragment and cis to the other. The hydride was freely 
refined (Ru(l)-H(99) = 1.62(2)) and shown to be in a cis position relative to one 
phosphorus atom and trans to the other.
The same points already elucidated in the structure of (31) apply to that of (32). 
The structure is severely bent around the C(2)-Ru(l)-P(2) axis (159.73(5)°) mainly due to 
the bulkiness of the phosphine, and not much different (cf 155.71(5)°) to that already 
observed for (31). It is important to notice that the carbene ligand is again out of the Ru- 
C(2) axe [Chapter 5.2.3.],
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X-Ray 5.5 - X-ray structure o f Ru(IMes ’ )(dppp)(CO)H. The ellipsoids are represented at 
50% o f the occupancy, and the hydrogens have been removed fo r clarity.
Selected Bond Lengths [A] Selected Bond Angles n
Ru(l)-H(99) 1.62(2) C(2)-Ru(l)-P(2) 159.73(5)
Ru(l)-C(l) 1.864(2) C(2)-Ru( 1 )-C(22) 81.13(7)
Ru(l)-C(2) 2.0827(19) C(2)-Ru(l)-P(l) 102.59(6)
Ru(l)-C(22) 2.2258(19) C(l)-Ru(l)-C(22) 169.58(8)
Ru(l)-P(2) 2.3108(5) N(l)-C(2)-N(2) 102.90(16)
Ru(l)-P(l) 2.3673(5) C(22)-Ru(l)-P(l) 93.38(5)
0(1)-C(1) 1.159(2)
Table 5.5. - Selected bond distances [A] and bond angles f°] for (32).
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As shown in Figure 5.16., very little difference is seen between the overall X-ray 
structures of the two C-H activated systems with either PPh3 (31) or dppp (32) ligands. 
However the orientation of the C-H activated rings changes between the two structures, 
probably as a consequence of the variation in bulk between the PPh3 and the dppp [Table 
5.6.]. The effect from the bulk of the phosphine ligand is mainly seen in the C(19)-Ru(l)- 
P(l) and C(22)-Ru(l)-P(l) angles, showing the wider angle when a bulkier phosphine is 
used. When this is the case, the mesityl ring points away from the metal in order to 





R u ( l )
P ( l )
Figure 5.16. - Overlapping o f the X-Ray structure of (31) and (32).
Ru(PPh3)(CO)(IM es’)H Ru(dppp)(CO)(IMes’)H
C (19)-Ru(l)-P(l) 101.10(5) C(22)-Ru(l)-P(l) 93.38(5)
C( 1 )-N(2)-C( 13)-C( 14) 43.8 C(2)-N(2)-C( 14)-C( 19) 45.5
C(14)-C(19)-Ru(l) 113.01(13) C( 19)-C(22)-Ru( 1) 112.81(13)
C(13)-C(14)-C(19) 120.20(17) C(14)-C(19)-C(22) 119.84(18)
C(14)-C(13)-N(2) 116.90(16) C(19)-C(14)-N(2) 117.45(17)
Table 5.6. - Selected bond distances and bond angles representing the main differences 
between (31) and (32).
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Treatment of Ru(AsPh3)(arphos)(CO)H2 (11) (arphos = Ph2AsCH2CH2PPh2) with 
IMes at 80°C for 7 days gave Ru(arphos)(IMes)(CO)H2 (28) in 73% yield [Scheme 5.43.], 
The 31P{[H} NMR spectrum of (28) shows a signal at 88.7 ppm. The hydride region 
appears as two doublet of doublets at 8 -7.44 (Jhp = 25.9, Jhh = 3 .3 Hz) and 5-8.95 (JHp =  
25.9, Jhh = 3.3 Hz) [Spectrum 5.13.], In the 13C{1H} NMR spectrum the carbonyl carbon 
gives rise to a doublet at 204.5 ppm (Jc p =  7.5 Hz), while a large doublet resonance for the 
Ru-IMes carbene carbon (Jcp = 78.4 Hz), places it Irons to the phosphorus terminus of the 
arphos ligand. The IR spectrum displayed one band in the carbonyl region at 1914 cm'1.
Spectrum 5.13. - ]HNMR spectrum of (28)
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Surprisingly, reaction of a C6D6 solution of (28) with CH2=CHSiMe3 at 80°C did 
not result in quantitative formation of the C-H activated product (33) as it was expected on 
the basis of the observed reactivity of (26) and (27) [Scheme 5.44.], Careful analysis of the 
’H NMR of the reaction mixture showed formation of the hydrogenation product of 
CH3CH2SiMe3 along with several products in the hydride region of the spectrum. In total 
five hydridic species were observed [Spectrum 5.14.]. These proved to be the only 
products on the basis of the observed 31P{!H} spectrum and 31P-‘H HETCOR spectrum. 
No free phosphine was observed at any stage of the reaction.
-6.5
Spectrum 5.14. - 3IP{IH} and JH NMR spectra o f  reaction mixture resulting from the 
reaction o f  (28) with one equivalent o f trimethylvinylsilane.
194
P a rt 2 Chapter 5  -  C-C and C -H  bond activation in N-heterocyclic carbene com plexes o f  ruthenium
Interestingly variation of the reaction conditions (i.e. reaction temperature, 
equivalents of alkene added) did not modify the ratio of the five hydride products. 
Although none of these species could be either isolated or fully characterised, it was 
possible on the basis o f the NMR spectra ^H ^H  COSY and 31P-1H HETCOR) to postulate 
formation of several C-H activated species. This reactivity was attributed to the hemi-labile 
nature of arphos.80b
t
5.2.3. Structural similarities observed in (26), (27), (30), (31) and (32).
In all the structurally characterised complexes reported in this chapter, the low- 
temperature X-ray data collection enabled the hydride ligands to be located from the 
Fourier difference map and their positional and thermal parameters refined freely to give 
Ru-H distances o f 1.55(2) and 1.57(2) A and an H-Ru-H angle of 85.9(8)° for (26) and
1.589(14), 1.632(15), and 83.24(10)° for (27). Closer examination of intramolecular 
contacts reveals some very interesting features.
In the structure o f (27), there is an intramolecular H—H interaction between the 
hydrido ligand H(2) and an adjacent o-C-H hydrogen (AFIX43 refined position) of a 
phenyl group on one of the phosphine ligands P(l). This H—H distance o f 2.146 A is 
significantly shorter than the sum of the van der Waals radii (2.4 A). It has been suggested 
by Crabtree et al81 that a dmi cutoff of 2.2 A be considered for significant attractive 
interactions. The Ru-H—H and H—H-C angles of 125.41° and 141.98° are not linear as a 
consequence of the steric demands of the coordination complex as a whole, however, the 
aryl ring C(39)-C(44) is clearly orientated in such a way as to bring about the relatively 
short H—H contact as shown by the almost flat torsion angles of C(39)-P(l)-Ru(l)-H(2) 
and Ru( 1 )-P( 1 )-C(3 9)-C(40) (6.3° and 2.2° respectively).
The second hydrido ligand, H(l), shows an H—H interaction of 2.146 A with one of 
the ortho methyl hydrogen (AFIX 137 refined position on C(13)). This effect can be 
explained by two structural factors. In the first instance, a larger rotation of the mesityl ring 
C(5)-C(13) toward H (l) than for the other Mes ring of the carbene is observed, as shown 
by the rotation angle around the N-CMes bond (C(2)-N(l)-C(5)-C(10): 80.1°, C(2)-N(2)- 
C(14)-C(19): 84.3°). The second structural factor occurring for this interaction is 
presumably due to the combined electronic and steric interactions of both the phosphines 
and the carbene ligand as suggested by the angles y (5.77°) and P (105.12°) which are 
defined in Figure 5.17..
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1
r ~
y  9.12° 5.77°
P  104.94° 105.12° cp5t
(26) (27)
Figure 5.17. - Simplified structure o f (26) and (27) where the angles (y) and (f$) are put in 
context. The mesityl rings have been simplified for clarity. It is showed as well how twisted 
is the C(40)-C(48) Mes ring; compares to the C(51)-C(57) Mes ring, bringing C(48) CH3  
closer to H(2). NB: The same characteristics apply to (27).
The observation of these phenyl hydrogen-ruthenium hydride interactions has been 
observed by Junk et al70 in the solid state structure of Ru(PPh3)3(CO)H2. In order to 
determine if Ru-H—H-aryl + Ru-H—H 3C - C  are common features in other ruthenium 
hydride systems, a survey of the Cambridge Crystallographic Database was performed.70, 
8296 We limited our survey to values between 1.7 and 2.2 A as any value lower than 1.7 A 
falls into the domain of an agostic interaction.30 Graph 5.1. reveals that there are many 
cases of ruthenium hydrido-phenyl interactions [Table 5.7.] with the crystallographically 
determined H—H distances ranging from 1.71 to 2.16 A, the majority clustering around 
2.06 A [Graph 5.1.]. A plot of the Ru-H—H-Ph distance versus the Ru—C(Ph) distance 
shows the Ru—C(Ph) distance is relatively similar in such cases and is centred around 3 .89
A. As shown on Graph 5.1., our examples fit in perfectly with the bulk of these 
determinations.
196
P a rt 2 Chapter 5 -  C -C  and C -H  bond activation in N-heterocyclic carbene com plexes o f  ruthenium
Complex Ru-H-H-CH2 Ru—CH3 Reference
RuCPPh^CCOlHz 2.025 3.853 70
[Ru(PP^)(PCy3)(CH3 CN)2(CO)H][BF4 ]




[Ru(PPh3 )2 (Tl6 -C 7H8)H][RPh4 ] 2.044 3.836 84
Ru(AsPh3 )2 (COXBH2 (Pyrazol-l-yl))H 1.987 3.890 85
Ru(PPh2Meh(CO)(Cl)H 2.116 3.758 86
R(PMe3)4 (SPh)H 1.787 3.849 87
RuPCy3 (SiPh3 )H2 (H2)(p-H) 2.144 3.863 88
{RuCPFha^Xp-QzCMe^di-H^ 1.713 3.819 89
[RiXdppe^HCH^fBH^] 2 . 1 1 1 3.782 90
1.944 3.398
[RuCCp^Xdppm^lJPF^ 2.116 3.868 91
1.995 3.785
RuCPPl^^OEthane-1,2-bis(dimethylsilane)-iyT)H2 2.194 3.839 92
Ru(PPh3 )(dppp)(CO)Bj 1.986 3.846 80
1.899 3.763
Table 5.7. - Ru-H 'H-Ph/ Ru"C(Ph) distances in ruthenium hydrido complexes extracted 
from the Cambridge Crystallographic Database.
While the observation of a Mes-CH3 hydrogen-ruthenium hydride interaction has 
not been described previously, several examples of CH3 hydrogen to ruthenium hydride 
interactions are apparent. These arise largely within hydrido-Ru-P‘Pr3 complexes, so one 
has to be cautious when using these as a true comparison with our NHC system.
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1.6 1.7 1.8 1.9 2 Z1 2.2
Ru-H—H-Ph
Graph 5.1. - CCD survey70, 8 3 ~9 7  plot o f the Ru-H H-Ph distance versus the Ru C(Ph) 
distance: ( A ) :  Examples o f agostic interactionxx; ( 0  ): Reported X-ray structure where 
the intramolecular Ru-H H-Ph is within 1 .7 to 2 . 2  A ;(■ ): (26), (27),(30), (31), (32).
The results of this survey are shown in Table 5.8., It stands out from these data that 
the mean value of a Ru-H—H-CH2 interaction is ca. 2.07 A with a Ru—CH3 distance of 
3.87 A. By comparison, Ru(dppp)(IMes)(CO)H2 shows rather longer distances (Ru-H—H- 
CH2: 2.146 A, Ru—CH3: 4.033 A). However, in the only reported example of an 
Ru(IMes)H complex available from the database (Ru(PCy3)(IMes)(CO)HCl, the Ru-H—H- 
CH2 distance is 2.905 A (4.221 A for Ru-CH3), leaving the possibility of such an 
interaction taking place. More examples of hydrido ruthenium IMes complexes are needed 
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Complex Ru-H—H-CH2 Ru—CH3 Reference
Ru(PCyj)(IMes)(CO)HCl 2.905 4.211 93
Ru(PCy3)2 (T|2-allyldimeth>lsilane)H2 2.137 3.318 94
Ru(PiPr3 ^ (bisCLj XH^H 2.098 3.900 95
2.197 3.863
Ru(PPh3 )2(Ti-C7H8)H 2.044 3.836 96
[Ru(PEt3)2(Cp*)(SH)H][BPh4] 1.987 3.890 97
Ru(dmpe)2 (N-methylindole)H 2.042 3.576 98
[RuCCp*)(iPrP(CH2)2 PiPr)H2 ][BPh4 ] 2.079 3.875 99
Ru(COXNCSX6,6'-Dimethyl-2,2'-bipyridine)H 2.200 3.388 100
RuCPiPr3)2 Cl2H2 2.197 4.069 101
Ru(P(/-Bu)2(CH3))(CO)(F,XdifluDromethylene)H 2.101 3.906 102
2.112 3.924




[Ru(Cp*)(iPr2P(CH2)2PiPr2)(L2)H][BPh4 ] 2.106 3.841 104
Lj = 3,5-bis(trifluorornethyl)(pyrazolyl)-borate-H,N)
L2  = Methoxycarbonylethynyi
PCP = 2,6-bis(di-t-butylphosphidomethyi)phenyl-C,P,P'
Table 5.8. - Ru-H'H-CH .2 / RWCH3 distances in ruthenium hydrido.
Similar H—H interactions have been observed in (26), (30), (31) and (32). In (30), 
the H—H interaction is observed between the hydride H(l) and one of the phenyl 
hydrogens H(20) (H(l)-H(20): 1.941 A; Ru(l)-C(20): 3.793 A). This interaction is 
optimized by pointing of the C(19)-C(24) phenyl toward the hydride as shown by two 
small torsion angles between the hydride and the phenyl hydrogen (H(l)-Ru(l)-P(2)-C(19) 
= 19.9°; Ru(l)-P(2)-C(19)-C(20) = 0.1°). In (31), intramolecular H—H interaction is 
observed within the X-ray structure between H(41) and the hydride H(99) (H(99)—H(41):
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2.038 A; Ru(l)—C(41): 3.730 A) This interaction is optimized by a pointing of the C(19)- 
C(24) phenyl toward the hydride as shown by two small torsion angles between the 
hydride and the phenyl hydrogen (H(99)-Ru(l)-P(2)-C(40) = 0.8°; Ru(l)-P(2)-C(40)-C(41) 
= 37.1°), and an another H—H interaction is observed between one of the IMes methyl 
proton H(12c) and the hydride H(99) (Hydride—H: 2.178 A; Ru—C(Ph): 4.350 A). Finally, 
there is an intramolecular H—H interaction in the X-ray structure of (32) between H(31) 
and the hydride H(99) (H(99)—H(31): 2.080 A; Ru(l)—C(41): 3.751 A); this interaction is 
optimized by pointing of the C(26)-C(31) phenyl toward the hydride as shown by two 
small torsion angles between the hydride and the phenyl hydrogen (H(99)-Ru(l)-P(2)- 
C(26) = 26.9°; Ru(l)-P(2)-C(26)-C(31) = 0.7 °).
In the structures of (26), (27), (31), and (32) a recurrent structural factor is 
observed. This factor, described by the angle y in Figure 5.17., is observed in all the 
hydridic structures [Table 5.9.]. The peculiarity of this factor lies in the fact that it is 
unexpected that the Ru-C-imidazole angle would be anything other than 0°.





Table 5.9. - Ru-H H-CH2  /  Ru CH3 distances in ruthenium hydrido complexes.
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5.2.4. Reactivity of (26) and (30) toward CO insertion. 
5.2.4.1. Ru(IMes)(CO)3 (PPh3) (36)
Scheme 5.45.
Ru(IMes)(PPh3)2(CO)H2 was stirred under an atmosphere of CO in toluene for 12 
hr at room temperature to afford (36) in a 77% isolated yield [Scheme 5.45.]. The 31P{]H} 
NMR spectrum of (36) showed a single resonance at 60.6 ppm. Examination o f the 
^C ^H } NMR spectrum of (36) showed a doublet resonance at 211.7 ppm (Jc-p = 16.6 Hz) 
for the three equivalent CO ligands and a doublet at 185.5 ppm (Jc-p = 64.9Hz) for the 
carbene carbon. The IR spectrum shows a single very intense band at 1889 cm'1, the low 
frequency being consistent with a Ru° oxidation state.
The full molecular geometry of (36) was elucidated by X-ray crystallography [X- 
Ray 5.6.]. Selected bond distances and bond angles are available in Table 5.10. The 
structure displays a trigonal-bipyramidal geometry with the phosphine and carbene ligands 
in the axial sites. The Ru-CO distances are in the range of values reported by Chaudret et 
al105 for Ru(CO)3(PPh3)2. The Ru environment in (36) can be compared to those of similar 
ruthenium species [Table 5.11.] and to that of Os in Os(CO)3(PPh3)2106 and to Fe in 
Fe(CO)3(P(OMe)3)2 .107 The most noticeable difference in these complexes is the OC-Ru- 
CO angle. In the Os complex, the ideal 120°C values are imposed by crystallographic 
symmetry and in the Fe complex, the C-Fe-C angles are equal to 120° in the 3a limits. In 
the structure of (36) these have significantly different values of 120.66(12), 110.28(11) and 
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X-Ray 5.6. - X-Ray structure o f Ru(PPh3)(IMes)(CO)3. The ellipsoids are represented at 
50% o f the occupancy, and the hydrogens have been removed for clarity.
Selected Bond Lengths [A] Selected Bond Angles n
Ru(l)-C(42) 1.906(3) C(42)-Ru( 1 )-C(40) 120.66(12)
Ru(l)-C(41) 1.924(2) C(40)-Ru( 1 )-C(41) 110.28(11)
Ru(l)-C(40) 1.918(3) C(42)-Ru( 1 )-C(41) 128.54(12)
O(l)-C(40) 1.157(3) C(19)-Ru(l)-P(l) 174.77(6)




Table 5.10. - Selected bond distances [A] and bond angles f°] for (36).
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R u ( C O ) 3 L 2 Bonds[A] Angles [°]
L Ru-C C-0 Ru-P C-Ru-C P-Ru-P
PPh3 1.895(10) 1.079(10) 2.332 (2) 127.9 (4) 175.73 (7)
1.880(10) 1.138(12) 2.330 (2) 117.3(4)
1.925 (8) 1.138(12) 114.7(4)
P(Ph2)(C4H3S) 1.917(2) 113.6(2) 2.321 (5) 118.28 (6) 174.50 (2)
1.92.6(2) 114.5(3) 2.321 (5) 123.45 (11)
1.92.6(2) 114.5(3) 118.28 (6)
Table 5.11. - Selected bond distances [A] and bond angles [°J for various tricarbonyl 
complexes o f ruthenium.
The formation of (36) from (26) proceeds via the formation of a dicarbonyl 
intermediate Ru(PPh3)(IMes)(CO)2H2 (34) [Spectrum 5.16.], Addition of 1 atm 13CO to a 
d8-toluene solution of (26) in a resealable NMR tube rapidly afforded a species identified 
as (34). This shows a singlet phosphorus resonance at 61.4 ppm while the proton spectrum 
displays a doublet at -6.53 (Jhp = 26.8 Hz) integrating as 2H relative to the methyls and the 
NCH=CHN signals of the IMes group [Spectrum 5.16.]. No attempt was made to isolate 
this intermediate species but NMR similarities with the other dicarbonyl dihydride 
complexes such as Ru(PPh3)2(CO)2H2 (!H: 6 -4.3ppm, Jp-h=23.5H z) confirmed the 
identity. (34) then reacts further to afford (36), as seen by a of the hydride resonance for





Part 2 Chapter 5 -  C-C and C-H bond activation in N-heterocyclic carbene complexes o f  ruthenium
58 7 C 4 3 2 1 -1 2 -3 -4 -5 p pa
Spectrum 5.15. -  (a) SIP{1H} NMR spectrum o f the reaction mixture o f the reaction 
between (26) and CO, 5 min after CO admission. Showing rapid formation o f (34) and 
(36). (b) ]H NMR spectrum o f (34).










In the same manner as seen for (26), (30) reacts with CO to generate 
Ru(PPh3)(IMes’)(CO)3 . The reaction proceeds at a somewhat higher temperature (100°C) 
compared to the one described earlier and for a longer period of time (4 days) [Scheme 
5.46.], Nevertheless, (37) could be isolated in 71% yield. 31P{1H} NMR spectroscopy 
showed the expected singlet resonance at 65.5 ppm.
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Figure 5.18. - NMR assignment o f the proton and carbon atoms o f (37),
The proton spectrum of (37) confirms the presence of an unsymmetrical carbene 
ligand on the complex [Spectrum 5.16.], This is shown from the five methyl resonances at 
2.27 (H-14), 2.20 (H-5), 2.13 (H-10), 2.10 (H-7 or H-7 % and 2.09 (H-7 or H-7 ’)• The two 
backbone protons H-7 and H-8 appear to be inequivalent due to the asymmetry of the 
carbene and their resonances appear at 6.46 (Jh-h = 19 Hz), 6.24 (Jh-h = 1.83 Hz). The 
13C{jH} shows a signal at 211.6 ppm (Jc-p = 16.18 Hz) with cis coupling to phosphine for 
the carbonyl resonance, and a signal at 185.8 ppm (Jc-p= 64.4 Hz) showing trans coupling 
to phosphine for the carbene carbon C-8. The IR spectrum shows two carbonyl bands at 
1886 and 1864 cm’1, instead of one in the case of related complexes. The two bands 
observed can be attributed to a lowering of the symmetry in (37) due to the unsymmetrical 
carbene moiety.
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Spectrum 5.16. - JH NMR spectrum of (37)
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The full molecular geometry of (37) was elucidated by X-ray crystallography [X- 
Ray 5.7.], Selected bond distances and bond angles are available in Table 5.12., The 
structure of (37) has trigonal-bipyramidal geometry with the phosphine and carbene 
ligands at the apices. The Ru-C distances are within the range of expected values already 
seen for (36), with the Ru-C(l-3) bond distances in the same range of values (-1.91 A) and 







X-Ray 5.7. - X-Ray structure o f Ru(IMes)(CO)3 (PPh3). The ellipsoids are represented at 
50% o f the occupancy, and the hydrogens have been removed fo r clarity.
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Selected Bond (A) Selected Angle o
Ru(l)-C(21) 1.910(2) C(21 )-Ru( 1 )-C(22) 115.96(10)
Ru(l)-C(22) 1.902(2) C(23)-Ru(l)-C(22) 114.26(10)
Ru(l)-C(23) 1.934(2) C(23)-Ru( 1 )-C(21) 129.60(10)
0(1)-C(21) 1.154(3) C(4)-Ru(l)-P(l) 169.06(6)




Table 5.12. - Selected bond distances [A] and bond angles f°] fo r  (37).
The reaction pathway from (30) to (37) is quite slow and could be monitored easily 
by NMR spectroscopy. The reaction has been shown to proceed via the formation of a 
cyclometalated species (35) bearing two cis carbonyls and a hydride trans to the remaining 
phosphine ligand, which finally generates (37) [Scheme 5.47.]. In a first step loss of one of 
the phosphine ligands is observed by 31P{1H} NMR. This loss is probably due to the 
substitution by CO to generate the intermediate (35a), which then isomerizes to (35). (35) 
was seen as a perfectly stable intermediate and was characterized by 31P{1H}, !H, and 31P- 
HETCOR NMR. The proton spectrum [Spectra 5.17.] of (35) is characterized by a 
doublet hydride resonance at 8 -7.00 (Jp-h = 82 Hz) showing a trans coupling to 
phosphorus and by five inequivalent methyl resonances at 2.41, 2.38, 2.30, 2.21 and 1.47 
ppm. Over time, depletion of the signal of (35) was observed with appearance of the final 
product (37).
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Scheme 5.47. - Proposed reaction mechanism fo r  the form ation o f  (37).
I
M i "  ' |  , i n  ' 1 1 i ■ i | t t h 1 i m - p i . M . . i . |  r i i i  ! ■ i .  i | i i  ■ n  " - i  ■ | '
-5.6 -5.8 -6.0 -6.2 -6.4 -6.6 -6 8  -7.0 -7.2 -7.4 -7.6 -7.8 -8.0




2.08.0 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
Spectrum 5.17. - 1H NMR spectrum of (35)
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5.3. Conclusions
Thermolysis of (1) with IMes has been shown to afford (26) which could be 
isolated as a pure material. Thermolysis of (26) in the presence of IMes resulted in the 
formation of the biscarbene complex (29) prior to C-C activation of an Ar-CH3 bond in one 
of the mesityl rings of the carbene ligand to afford (30). Upon addition o f alkene to a 
solution of (26), C-H bond activation was observed instead. Extensive H7D exchange was 
observed on the pathway to C-C activation in d6-benzene, while no similar H/D exchange 
and subsequent C-C bond activation was observed upon using d8-THF under the same 
condition, suggesting the importance of solvent activation on the pathway to C-C 
activation. The thermodynamics of these C-C and C-H cleavage reactions have been 
probed using density functional theory, and it was shown that the C-C bond activation is 
thermodynamically more favourable than insertion into a C-H bond. Attempts to extend 
this study to related bidentate phosphine complexes led to the synthesis of (27)-(dppp) and 
(28)-(arphos), both showed no activity for C-C bond activation. It was found that (27) 
displayed similar reactivity to (26) toward C-H bond activation to afford (31) in the 
presence of alkene, while (28), due to the hemilabile nature of arphos, resulted in several 
unisolated species. The use of bidentate phosphine has demonstrated the necessity of 
phosphine to come off in order for C-C activation to be observed. Finally the 
stoichiometric reactivity of (26) and (30) towards CO has been studied affording the 
tricarbonyl species (36) and (37).
In conclusion, the first example of intramolecular C-C bond activation o f an N- 
heterocyclic carbene has been demonstrated. At this stage the mechanism of this C-C 
activation has not yet been fully understood, but further investigations are currently in 
hand.
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Chapter 6.
Bis N-heterocyclic carbene complexes of ruthenium.
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6.1. Introduction.
Complexes containing bonds between late transition metals and heteroatoms such 
as nitrogen, oxygen and sulfur have been identified as playing key roles in both biological 
processes1 (e.g. Fe-S in nitrogenase, Fe-OH in lipoxygenase) and catalytic reactions, such 
as alkene oxidation (Wacker process) and hydroammation. For second and third row 
metals, hard-soft acid-base (HSAB) theory predicts an energetic mismatch between the 
‘soft’ metal and ‘hard’ anionic N and O ligands, which imparts the resulting metal alkoxo, 
hydroxo and amido complexes with exceptionally interesting physical and chemical 
properties.4 For example, the hydroxo and parent amido complexes trans- 
Ru(dmpe)2(OH)H and *ra/w-Ru(dmpe)2(NH2)H display remarkable basicities (pK* values 
of the aqua and ammonia complexes are ca. 22 and 32 respectively) , 5 while C2H4 insertion 
into the Ir-OH bond in Cp*Ir(PMe3)Ph(OH) occurs under unexpectedly mild conditions.6
In recent years, there has been an increase in the number of examples of well- 
characterised M-X (X = O, N) complexes, largely because of the development of more
m
general and reliable routes to their synthesis. This has allowed structure/bondmg/reactivity 
relationships to be investigated along with the role of p7i-d7i interactions, correlation of M- 
X and H-X bond strengths and fundamental chemical reactivity towards organic substrates
o
to be studied in more detail. Much of this work has utilised complexes containing 
carbocyclic rings (arene, cyclopentadienyl) and/or phosphines as ancillary ligands, and 
hence, the influence of steric and electronic factors on the chemistry of M-X bonds 
remains generally unexplored.
We have seen in Chapter 5 that thermolysis of Ru(PPh3)3(CO)H2 with IMes (IMes 
= bis(l,3-(2,4,6-trimethylphenyl)imidazol-2-ylidene) at > 100°C results in the
unprecedented C-C bond activation of an unstrained sp2-sp3 hybridised C-C bond of the 
IMes ligand via the intermediate bis-carbene complex Ru(IMes)2(PPh3)(CO)H2 . In an 
attempt to find milder conditions for this transformation, we turned to die triphenylarsine 
precursor Ru(AsPh3)3(CO)H2 . This complex displayed remarkably different reactivity 
towards IMes than the phosphine analogue, affording under the same reaction conditions 
/rans-dihydride ethanol and water complexes of ruthenium, devoid of arsine ligands and 
stabilised by the presence of two bulky NHC ligands. The RU-OH2 and the Ru-OHEt bonds 
prove reactive to a range of small molecules (CO, CO2 , CH3CN) and provide a route to 
stable products containing Ru-O, Ru-N, Ru-S, Ru-F and Ru-Cl linkages. The results 
depicted in this chapter are consequential to the investigation of the chemistry of the
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biscarbene complexes of ruthenium. These led to a large number of results being obtained 
due to the fascinating activity that these complexes displayed.
Interestingly there are very few bis-carbene complexes reported in the literature. 
Nevertheless, these examples cover a wide range of metal centres throughout the periodic 
classification involving metal such as metal such as Pd, 9 Ru, 10 Fe, 11 U , 12 Ni, 13,14 Pt, 14 Cu, 15 
Ag, 15 Au, 16 and Hg, 17 Rh, 18 Y . 19 The first example of bis-carbene complexe was reported 
by Wanzlick and Ofele in 1968, with the synthesis of the mercury complex shown in 
Scheme 6 .1. . 20
Scheme 6.1.
The first fully characterized bis-carbene complexes were reported by Arduengo et 
al in 1993 and involved the synthesis of bis-carbene complexes containing Ag, Cu, Au 21 
This work was later extended to Ni and Pt [Scheme 6.2. ] . 22
M = Ni. Pt
Scheme 6.2.
X-ray crystallography studies of these complexes have shown that a near linear 
geometry at the metal centre is observed, with a relative twist from coplanarity mainly due 
to the bulk of the mesityl ring.
Further examples reported by Herrmann et al describe the synthesis and catalytic 
use of a bis carbene complex of Pd.23 The main difference with respect to the Arduengo 
examples lies in the cis stereochemistry of the carbenes [Scheme 6.3.].
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In another example reported by these a bis-carbene derivatives of the Grubbs
catalyst has been isolated [Scheme 6.4.] 24















These display moderate catalytic activity toward ROMP and RCM, due to the steric 
effects and the poor lability of the carbene ligands.
Surprisingly, bis carbene complexes containing even bulkier carbenes were 
synthetised by Hermann et al25 using the very bulky l,3-Bis(adamantylimidazolin)-2- 
ylidene. In this case, a trans configutation of the carbenes was observed, due to the bulk of 
the adamantyl carbene [Scheme 6.5.].
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Here again catalytic activity was observed, and high TOF (1100) was reported for 
the Suzuki cross-coupling of aryl chlorides at room temperature under mild conditions.
To summarize, very little is known about transition metal bis-carbene complexes, 
and even less bis-carbene complexes of ruthenium have been fully characterised. 
Nevertheless amongst the very few examples reported, promising catalytic activities have 
been described for numerous reactions such the ROMP, Suzuki cross coupling, Heck 
coupling, 28 and atom transfer polymerization29 just to name a few.
6.2. Results.
6.2.1. Synthesis of Ru(IMes)2(L)(CO)(H2) [L = EtOH (39), H20  (40), MeOH (41), p- 
EtO(C6H4)OH (42)
6 .2 .1.1. Synthesis of Ru(IMes)2(EtOH)(CO)(H2)
The reaction of Ru(AsPh3)3(CO)H2 (9) with 3-4 equivalents of EMes overnight at 
70°C afforded a mixture of unreacted starting material and the bis-carbene complex 
Ru(AsPh3)(IMes)2(CO)H2 (38) [Spectrum 6.1.].
Spectrum 6.1. - ]H spectrum o f the formation o f (38) upon reaction o f (9) with IMes fo r I
day at 7(fC.
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None of the mono-substituted Ru(AsPh3)2(IMes)(CO)H2 were detectable by JH NMR.
Prolonged heating for 4 days gave a solution containing only (38), which displayed 
two doublets in the hydride region of the *H NMR spectrum (6-5.71 and -8.93, Jhh  = 5.9 
Hz), consistent with the cis-KuH.2 stereochemistry shown in Scheme 6 .6 ., and a single 




,H IMes Ph3Asv  | ,.H IMes Ph3As..Rik






Scheme 6 .6 .
Two low field resonances at 6  202.8 and 197.1 in the 13C{!H} NMR spectrum were 
assigned to the presence of Ru-CO and Ru-C(carbene) respectively. Attempts to isolate 
this bis-carbene complex by crystallisation from ethanol gave instead 
Ru(IMes)2(CO)(EtOH)H2 (39), in which the triphenylarsine ligand had been displaced by 
ethanol [Scheme 6.7.], Complex (39) was isolated in 78% yield as an air-sensitive yellow 



















Spectrum 6.2. - spectrum of the reaction ofRu(AsPh3) 3(CO)H2
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r = \
iOHEtEtOH
; r u -:
oc1
Scheme 6.7.
Clearly the formation of (39) from Ru(AsPh3 )(IMes)2 (CO)H2 does not involve a 
simple substitution of arsine by ethanol since there is an isomerisation from C/S-R11H2 to 
/raws-RuFb occuring. The NMR spectrum of (39) in showed only one single high- 
field hydride resonance at 5 -23.51, which integrated in a ratio of 2:2:3 with two signals at 
5 3.81 (quartet, Jhh = 6.79 Hz) and 1.13 (triplet, Jhh = 6.69 Hz) for the coordinated ethanol 
[spectrum 6.2.]. The ^C ^H } NMR spectrum displayed two singlets at 5 69.7 and 23.3 for 
the Ru-HOEt group, while two low-field resonances at 197.9 and 205.6 ppm, were 
assigned to the Ru-C(IMes) and CO groups respectively. The ER spectrum of (39) 
contained a single v(CO) absorption band at 1887 cm'1, the low frequency presumably 
reflecting the presence of two strongly o-donating IMes ligands.
The solid state structure of (39) was determined by X-ray crystallography and is 
shown in X-Ray 6.1. The geometry at the ruthenium centre [Table 6.1.] is close to 
octahedral with two trans IMes ligands (180.000(1)°) as seen already in the X-ray structure 
of the bis-adamantylcarbene complex of palladium.2 5  The Ru(l)-C(2) / Ru(l)-C(13) bonds 
(2.087(5) / 2.071(13)) are comparable to the ones already observed in the structures 
described in chapter 5 (c.f. (26) Ru-C(carbene) 2.0956(17)). The Ru(l)-C(l) appears to be 
longer than the observed in the structure of (26) (2 .0 1 (2 ) vs (2.0956(17)) whereas the C(l)- 
0(1) bond is smaller than observed in (26) (1.02(3) vs 1.155(3)). This elongation of the 
Ru-C bond and the shortening of the C-0 triple bond can be seen in all the dihydride 
structures and will be explained in Chapter 6.3.2. of this chapter.
The 5-membered imidazole rings of the IMes ligands in (39) are twisted 32.3° from 
coplanarity. This, and the fact that the two sets of opposing phenyl rings are not equally 
spaced, is a feature that is observed to varying degrees in all of the other structurally 
characterised bis-carbene complexes reported in this chapter [Chapter 6.3.2.].
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X-Ray 6.1. - X-ray structure o f (39). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms (apart from hydrides) have been omittedfor clarity.
Selected Bond Lengths [A]
Ru(l)-C(2) 2.087(5) Ru(i)-C(i) 2 .0 1 (2 )
Ru(l)-C(13) 2.071(6) 0(1)-C(1) 1.02(3)
Ru(l)-O(101) 1.881(10) O(101)-C(101) 1.37(2)
Selected Bond Angles n
O(101)-Ru(l)-C(l) 16.2(4) C(13)-Ru(l)-C(2) 180.000(1)
0 ( 1 0 1  )-Ru( 1 )-C( 13) 83.4(3) C(101)-O(101)-Ru(l) 135.2(9)
C(l)-Ru(l)-C(13) 90.8(6) 0(1)-Ru(l)-C(l) 165.4(19)
0 ( 10 1 )-Ru( 1 )-C(2) 96.6(3) C(l)-Ru(l)-C(2) 89.2(6)
Table 6.1. - Selected bond lengths [A] and angles f°] for Ru(IMes)2(CO)(EtOH)H2 (39).
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The most notable feature of the structure is the trains geometry of the two hydrides, 
which is an unusual orientation given the strong trams influence of hydride ligand. Indeed, 
few stable toms-dihydride complexes are known.30
In a recent example reported by Milstein et al.30 thermal cis / trams isomerisation of 
the hydrides is observed showing that the /raws-dihydride complex is thermodynamically 
more stable than the c/s-dihydride complex.
H2/90°C
Scheme 6 .8 .
In the case of complexes Pt(PR3)2H2 containing bulky phosphines (R = /-Bu, Cy, t- 
Bu2Ph, /-Pr3), the hydride ligands are forced to be trams to each other, while with the less 
bulky PMe3) the electronically more favorable c/s-Pt(PMe3)2H2 is seen to be the major 
isomer in solution.30 Thus, steric factors play a major role in the stabilization of four- 
coordinate platinum /ram-dihydrides.
Figure 6.1. - View o f the X-ray structure o f (39) down the C(2)-Ru-C(13) axis.
225
P a rt 2 Chapter 6  -  B is N-heterocyclic carbene com plexes o f  ruthenium.
In our system it is impossible not to take into account the bulkiness o f the carbene 
ligands when trying to explain the mechanism involved into the formation of the trans 
hydride complex. In fact when viewing the X-ray structure along the C(2)-Ru-C(13) axis, 
it possible to see that the hydrides sit between the mesityl rings in order to allow the 
bulkier CO and EtOH to occupy the more accessible (less crowded) coordination sites 
[Figure 6.1]. Therefore, it is reasonable to assume that the mechanism o f formation 
involves the formation of a 16e" intermediate [Scheme 6.9.], which provides an 


















Scheme 6.9. - Proposed mechanism for the formation of (39).
While alcohol complexes of transition metals have been invoked in a number of 
catalytic hydrogenation reactions, 31 there are relatively few structurally characterised 
examples, the majority of these being cationic [table 6 .2 ] , 32^ 4
Compounds Ru-O [A] [Ref]




Table 6 .2 . - Selected bond lengths [A] inM-OHR complexes
Interestingly the Ru-OH(Et) bond distances (Ru(l)-O(lOl): 1.881(10) A) appears 
considerably shorter than observed in other related ethanol complexes [Table 6.2] and is 
closer to the Ru-0 bond distances observed in ruthenium ethoxy complexes (1.898(7) for 
[Ru(C2H 5 0 )(N0 )(N0 2 )2(C6Hi6N2) ] , 35 and 1.983(4) for trans-{Ru(OEt)2 (anti-Me8[ 16] 
aneS^ } 4) 36
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6.2.I.2. Synthesis of Ru(IMes)2(H20)(C0)(trans-H2)
M es M es
Ph3Asv  ,*vH |Mes Ph3Asv
IMes
H20  h2
OC H 80°C, 4  days OC H
A sPh 3  M es M es
Scheme 6.10.
Replacement of ethanol by hexane as the crystallising solvent, afforded the aqua 
complex Ru(IMes)2(C0)(H20)H2 (40), which was isolated in 37% yield [Scheme 6.10.], 
This product presumably arose due to the presence of adventitious water, but all attempts 
to use more rigorously dry conditions led simply to lower yields of (40). Moreover, when a 
mixture of hexane/H20  (10/1 ratio) was used for crystallisation, yields of (40) in excess of 
80% were isolated. Crystallisation with D20-saturated hexane gave 
Ru(IMes)2(CO)(D20)H2 (2 -D2O). The spectroscopic features of (40) are similar to those of 
the ethanol complex. For example, in the NMR spectrum the hydride resonance was 
shifted by 0.36 ppm downfield relative to (39). However more surprisingly perhaps, the 
carbonyl absorption bands come at quite different frequencies (39), 1886 cm'1; (40), 1861 
cm'1). The !H NMR spectrum of (40) showed a broad resonance for the coordinated water 
at 5 0.93. This signal remained broad even upon cooling to -80°C, but disappeared upon 
shaking with D2O.
An X-ray crystal structure determination of (40) showed the molecular geometry to 
be isostructural with that of (39) [X- Ray 6.2] with trans IMes and hydride ligands. The 
IMes rings are twisted 48° from coplanarity. No disorder was observed in the structure of 
(40), although the hydrogen atoms on the bound water could not be reliably located. The 
RU-OH2 distance of 2.023(2) A [Table 6.3.] appears significantly shorter than many 
reported ruthenium aqua complexes,37 but remains in range of ruthenium aqua complexes
[Table 6.4.].
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X-Ray 6.2. - X-ray structure o f (40). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms (apart from hydrides) have been omittedfor clarity.
Selected Bond Lengths [A]
Ru(l)-C(43) 1.798(3) Ru(l)-0(2) 2.023(2)
Ru(l)-C(22) 2.066(2) Ru(l)-C(l) 2.069(2)
0(1)-C(43) 1.165(3)
Selected Bond Angles n
C(43)-Ru( 1 )-0(2) 174.90(13) C(43)-Ru( 1 )-C(22) 91.25(11)
0(2)-Ru( 1 )-C(22) 88.19(9) C(43)-Ru(l)-C(l) 93.23(11)
0(2)-Ru(l>C(l) 87.43(9) C(22)-Ru(l)-C(l) 175.43(9)
Table 6.3. - Selected bond lengths [A] and angles [°J for Ru(IMes) 2(C0)(H f))H 2 (40).
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Compounds Ru-O [A] [Ref]
Ru(dppb)(Cl)3(H20) 2.216(5) [38]
j ,Rai)-[{ll6:TlI:n1-(PArN*)}Ru(OH2)]2+ 2.155(5) [39]
[Ru(dppe)(C0)(H20)3][0S02CF3]2 2.180(2) /  2.170(2) /  2.157(2) [40]
fraras-[(CH3)2NH2][Ru(C204)2(H20)2]-4H20 2.041(3)/1.994(3) [41]
Table 6.4. - Selected bond lengths [A] inM-OH .2  complexes
The structures of (40) and (39) are interesting from a coordination chemistry point 
of view. In fact, although water is regarded as a very common ligand in coordination 
chemistry, far fewer examples are known of organometallic aqua complexes, since a metal 
centre wants to be either "hard" or "soft", but not usually both at the same time.42 It has 
been proposed that the ruthenium(II) oxidation state is particularly suited for bonding 
conventional organometallic ligands such as CO and, at the same time, binding to water.43 
Nevertheless there are only a few examples of neutral RU-OH2 complexes.
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A similar synthesis could be made with MeOH and p -E tO C ^O H  as ligands 
[Scheme 6.11.]. In the case of HOCeKU-p-OEt, the synthesis was done with addition of 1.2 
equivalents of HOC6H4-/?-OEt to an hexane solution of Ru(AsPh3)(IMes)2(CO)H2 . 
Complexes (41) and (42) were fully characterised by NMR and IR spectroscopies, and 
show similarities to (39) and (40) as shown in [table 6.5.].
(39) (40) (41) (42)
]H (ppm) -23.51 -23.15 -23.79 -24.48
IR (cm 1) 1887 1861 1858 1881
Table 6.5.
In the *H spectrum of (41), a single resonance at 3.84 ppm was attributed to the 
coordinated methanol ligand. The spectrum of (42) displayed broad resonances for the 
/?-Et0 C6H4 0 H moiety [Spectrum 6.3.], these were resolved at 233 K into a triplet and a 
quartet for the O-CH2CH3 fragment (Jhh  = 7.2 Hz), and two doublets for the C6H4 









T17 S 4 3 2b
Spectrum 6.3. - JH  NMR VT o f (42). (a) 273 K  ; (b) 233 K. NB: The Minor species on the 
side o f the triplet and quartet fo r (42) arise fo r free p-EtOCeH4OH.
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Although single crystals of (41) and (42) were obtained, they were of insufficient 
quality to facilitate good structural analysis by X-ray crystallography. However, the solid 
state structure of (41) served to confirm at least that the ruthenium was bonded to the 
phenolic oxygen rather than the oxygen of the ethoxy substituent [X-Ray 6.3.],
X-Ray 6.3. - X-ray structure o f (42) in the solid state.





















In order to investigate the stability of (39) and (40), the reactivity of these towards 
thermal decomposition was probed. Surprisingly the aqua complex proved to be thermally 
stable even at 120°C, as evidenced by the lack of detectable change in the *H NMR 
spectrum at that temperature over 3 days. Thermolysis of (39) in C6D6 at 90°C for 2 weeks 
yielded the bis-carbene dihydride complex Ru(IMes)2(CO)2H2 (47) resulting from 
decarbonylation of the coordinated ethanol [Scheme 6.12.] .44 The NMR spectrum of
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(47) contained a single hydride resonance at 5 -6.53, shifted significantly downfield 
relative to that seen for (39) [Spectrum 6.4.], The appearance of only one Ru-CO 
resonance (204.3 ppm) in the 13C{1H} NMR spectrum and two Vco bands in the ER 
spectrum (1973, 1936 cm'1) indicate that (47) possesses a trans, cis, c/s-stereochemistry.45
pgm 6 4 * r -M $
Spectrum 6.4. - ]H  NMR spectrum o f  (47).
Although the mechanism for such a process was not investigated, few examples of 
intramolecular decarboxylation of alcohols have been reported, 46 which support the idea of 
the mechanism described in Scheme 6.13., These processes have been mainly observed 
with hydride and dihydrogen complexes and involves formation of an alkoxy intermediate 
(either as an alkoxide dihydride via oxidative addition or as a alkoxo dihydrogen via 
protonation). An intramolecular protonation of the Ru(RCH2 0 H)H fragment is reasonable, 
as the acidity of alcohol coordinated on the metal is enhanced, and M-H can be a very 
effective proton acceptor as demonstrated by many examples of intramolecular and 
intermolecular protonations of M-H by R-O-H, R-S-H, and RR'N-H.47
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H H jH  
Ru
^ = 0  or ^ = 0  
I R
Scheme 6.13. - Proposed mechanism fo r  the formation o f (40),
The unexpected inactivity o f (40) is unusual as one would have expected that the 
aqua compound would be more reactive would proceed as seen for (39) [Scheme 6.14.]. It 
is possible that this pathway is driven kinetically rather than thermodynamically in this 
case or that the thermodynamic barrier is very high.
H
_ / nh 
\
H OH
Rux  M  ^ ^  or ' Hz »
? / H ° H 
H Ru^-H
OH
Scheme 6.14. - Expected mechanism fo r  the thermolysis reactivity o f (40)
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6.2.3. Reaction of (39) and (40) with CO
In order to further asses the reactivity of (39) and (40) it was decided to investigate 
their reactivity towards CO.






RT, C 6 H6
OC
R u — C O  
M es
CO




Addition of CO to a solution of (39) at room temperature resulted in an immediate 
colour change from yellow to clear and then back to orange/yellow affording the 
ruthenium(O) complex, Ru(rMes)2(CO) 3 (58), over the course of one day [Scheme 6.5], 
The spectroscopic features of (58) are consistent with a trigonal bipyramidal structure with 
three CO ligands in the equatorial plane 48 The tricarbonyl complex was also identified as 
the final product upon addition of CO to solutions of the aqua complex (40), although in 
this case, 5 days were required for the reaction to go to completion at room temperature 
[Scheme 6.5],
I. I___________________________________________ J U L _________________
|  - r - r — i - , - ,  |  .  i  .  |  i .  .  .  |  . i i  .  |  .  i  . |  .  .  .  - i |  ,  i - i — r -  . » - ' - » «  |  i « « » |  i r  i  « |
7.0 65  6.0 5.5 SjO 4.5 4.0 3.3 3j0 2 5  2 4  15 1.0 0i5
Spectrum 6.5. - spectrum of (58).
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The NMR spectrum of (58) shows just two sets of methyl resonances integrating 
in a ratio of 2:1 for the ortho and /?ara-mesityl groups of the IMes ligands [Spectrum
6.5.]. The ^C^H} NMR spectra displayed one very low field carbonyl resonance (217.6 
ppm), which becomes very intense when 13CO is used. Interestingly although a single IR 
absorption band was expected, solution IR of (58) showed two vco absorption bands at 
1875 and 1838 cm'1. Meanwhile a solid state (Nujol) IR of the material displayed three vco 
absorption bands at 1950, 1879 and 1829 cm*1. This fact can only be explained by a 
lowering of the symmetry in (58). Although clear sizeable crystals of (58) could be grown 
out of a solution of a benzene / hexane mixture, the X-ray data could not be processed. 
Even after repeated attempts.
6.2.3.2. Mechanism of formation of (58) in the reaction of (39) with CO.
The ultimate formation of Ru(IMes)2(CO)3 from the addition of CO to solutions of 
(39) or (40) implied a similar reaction pathway in both cases, although the different 
completion times suggested different stabilities and reactivity of intermediate species along 
the way.
0 .5 0 JO -OS7.3 7.0 6.0 5.5 3.0 4.5 4.0 3.5 3.0 IS 2.0 1.0
Spectrum 6.6. - JH spectrum of the reaction of (39) with CO after Ih.
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This was investigated in more detail by labelling experiments with 13CO. The lH 
NMR spectrum recorded within 1 h of addition of 13CO to a C6D6 solution of (39) showed 
the complete disappearance of the starting material and the formation of two new major 
hydride products with resonances at 8 -3.88 (d, Jhc =  43.7 Hz) (39’), and -5.24 (dd, Jhc =
33.5, Jhc =  5.4 Hz) (39” ). Additionally, the *H NMR spectrum displayed two sets of 
ethoxide signals at 3.58 and 1.12 ppm (JHh =  6.8 Hz) for (39’) and 4.02 and 1.34 ppm (JHh 
=  7.0 Hz) for (39” ). We propose that these signals arise from Ru(IMes)2(CO)2(OEt)H 
(39’) and the CO insertion product Ru(IMes)2(C0 )2(C(0 )0 Et)H (39” ) 49 respectively 
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(58) +  H O—Et
Scheme 6.16.
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(39’) and (39” ) show a large *H-13C coupling constant (30-45 Hz) which is 
consistent with 13CO incorporation trans to Ru-H, while the small coupling constant value 
seen for (39” ) is due to an equivalent cis coupling to either the Ru-13C(0)OEt ligand in 
(39” -l) or the czs-Ru-13CO moiety in (39” -2) [Scheme 6.16., Spectrum 6.7.].
The carbon spectrum at this stage of the reaction showed the formation of a single 
C-enhanced CO resonance at 5 195.2 for (39’), and three C-enriched doublet signals at 
5 206.1 (Jcc = 3.1 Hz), 202.9 (Jcc = 4.5 Hz) and 198.5 (Jcc = 4.5 Hz) attributed to a 
mixture of (39” -l) and (39” -2). (NB: Only three signals are observed due to the very 
small difference between the C-C coupling (cf. 3.1 Hz Vs 4.5 Hz).
194 193201 200 199 190 197 196 195206 205 204 203 202
Spectrum 6.7. - 13C {]H} NMR spectrum o f  the reaction o f  (39) with CO after lh .
HMQC showed 2J coupling between the 13C=0 (5 202.9) carbon and the protons on 
the CH2 of the ethoxy group [Spectrum 6.8.],
This fact added to the c/s-coupling (4.5 Hz) observed for the signals at 8  202.9, and 
198.5 is consistent with the presence of a coupled Ru-13CO and Ru-13C(O)0Et groups 
giving Ru(IMes)2(13C0 )(C0 )(13C(0 )0 Et)H (39” -l). Meanwhile the third resonance at 6  
206.1 was attributed to a very small amount of Ru(IMes)2(13C0 )2(C(0 )0 Et)H (39” -2) 
being formed50
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After 4 h at room temperature, the and ^C^H} NMR showed almost complete 
conversion of (39’) to (39” -l), and (39” -2) (a minute amount of 13CO-labelled 
Ru(IMes)2(13C0 )2(13C(0 )-0 Et)H (39” -3) is produced, as shown by satellite doublet of 
doublets centred on Ci and C3 [Scheme 6.17., Spectrum 6.9.], and a small amount of (58) 
is apparent in the 13C{IH} NMR spectrum [Scheme 6.16., Spectrum 6.9.], Over longer 
time, 13C{1H} NMR spectroscopy simply showed a depletion of the (39” ) labelled species 
(39” -l, 39” -2,39” -3) and an increase in the amount (58) [Spectrum 6.10.],
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(b)
Spectrum 6.9. - ‘H  (a) and 13C{JH} (b) spectra o f the reaction o f (39) with CO after 4h.
(a)
IA Iwl
’ I ' ' ' '  I ' ' ' '  I ' ' ' '  I 11 ' 1 I ' 1 ' 1 1 1 1 1 ' 1 1 ' ' 1 1 ’ ' 1 1 1 ■ 1 1 1 1 1
-3.8 -4.0 -42  -4.4 -4.6 -48  -3 8  -5 2  -5.4 -58
1
(b)
Jill jIAju J_ L
Spectrum 6.10. - 1H (a) and lsCf H}  (b) spectra of the reaction of (39) with CO after 12h.
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6.2.3.3. Mechanism of the reaction of (40) with CO.
In an analogous manner to the reaction seen between CO and (39), addition of 1 
atm of CO to a C6D6 solution of (40) resulted in an instantaneous colour change from 
yellow to colourless. At this stage, the *H NMR spectrum of the colourless solution 
showed the presence of the hydroxy hydride complex Ru(IMes)2(CO)2 (OH)H (48) as the 
major species, along with a much smaller concentration of Ru(IMes)2(CO) 3  (58).
The hydroxy hydride complex displayed a single hydride resonance moved 
significantly to lower field (6 -4.27) relative to that for (40) [Spectrum 6.11.], consistent 
with a loss of the trans H-Ru-H stereochemistry by insertion of a CO ligand. This shift to 
lower field is observed in all cases where a m-Ru(CO)2 (X)H unit is formed in reactions 
with CO.51 The *H NMR spectrum of (48) also showed a broad hydroxyl resonance (6 - 
3.75) which sharpened to two 1:1 singlets with the hydride upon cooling to 203 K 
[Spectrum 6.12].6,52 The chemical shift of the hydroxyl proton in (48) is comparable to 
those reported for other late metal 18-electron hydroxy complexes as shown in Table 6.5.,
In order to investigate the mechanism of this process, the formation of (48) was 
repeated using 13CO. The *H NMR spectrum recorded within 5 min of addition of 13CO to 
a CeD6 solution of (40) showed the formation of (48) with a signal at 8 -4.37 showing a 
trans coupling to 13CO (Jhc = 43.6 Hz). The room temperature proved inconclusive in 
establishing that no 13CO label was present cis to OH. Therefore a VT NMR was 
performed which showed no evidence for incorporation of 13CO cis to the Ru-OH moiety 
[Spectrum 6.12.].
Hydroxy hydrides remain an unusual class of compounds. Thus we decided to 
investigate the formation of (48) by deuterium labelling studies. As shown in Scheme 
6.18., Ru(IMes)2(C0 )(D2 0 )H2 (40)-D2O was synthesised upon reaction of
Ru(AsPh3)(IMes)2(CO)H2 with D2O. The lH NMR spectrum recorded after addition of CO 
to a CeD6 solution of (40)-D2O displayed the expected hydride resonance at 8 -4.27, but 
showed no OH peak, indicating the formation of Ru(IMes)2(CO)2(OD)H [Spectrum 6.13], 
This observation, together with the exclusive 13CO incorporation trans to hydride 
described above, is consistent with the formation of the hydroxy hydride via proton 
transfer rather than oxidative addition of water [Scheme 6.18.].52,53,54
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7 J 7jD 6.0 3.0 2J 20 1.5
Spectrum 6.11. - ]H spectrum o f (48).
A_
 1--
- A  . 0
— j--------
A  .  5- 3  .  5 - 5  . 0
I
3 . 5 lA  .  5A .  0
Spectrum 6.12. - }H NMR VTspectrum o f (48). (a) 275 K. (b) 203 K.
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Spectrum 6.13. ]HNMR spectrum o f (48)-Ru13(CO)(CO)(OD)H.
- 5  . 0
Hence, we propose that the protonation of one of the strongly hydridic hydride 
ligands by the (acidic) coordinated water yields a putative dihydrogen hydroxy hydride
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Hence, we propose that the protonation of one of the strongly hydridic hydride 
ligands by the (acidic) coordinated water yields a putative dihydrogen hydroxy hydride 
species, which readily dissociates H2  in the presence of CO.58 Additional evidence for this 
protonation pathway was revealed upon treatment of a solution of (40) with an excess
of D20 . The intensity of the hydride signal readily depleted, as evidenced by the relative 
integrations of Ru-H:aryl:methyl signals (1:18:81 rather than the expected 1:4:18 recorded 
after 5 days at 50 * C), indicating Ru-H/D20  exchange. *H NMR spectroscopy showed 
only traces of the hydride signal remaining. The pathway for this exchange process is 
shown in Scheme 6.19., proceeding by the same dihydrogen (or hydrogen-deuterium) 
hydroxy hydride species [Spectrum 6.14.]. Proton NMR spectra recorded over the course 
o f the reaction between (40) and D20  also showed a smaller than expected integral for the 
NCH=CHN backbone protons of the IMes ligands, raising the likelihood of H7D exchange 
here also. H/D exchange into the backbone positions using D20  has been reported in the 
free carbene ligand.59












Due to the paucity of structurally characterised hydroxy hydride complexes,54,56 the 
molecular structure of Ru(IMes)2(CO)2(OH)H was confirmed by a single crystal X-ray 
structure determination as shown in X-ray 6.4.. Selected bond distances and angles are 
given in Table 6.6.. The complex has distorted octahedral geometry with a strained trans 
arrangement of both the IMes ligands (C(3)-Ru-C(24) = 167.94(8)°) and the hydroxo group 
trans to the carbonyl (C(2)-Ru-0(3) = 172.7(4)°). The Ru-0 distance of 2.058(3) A is 
significantly shorter than that seen in [*rans-Ru(dmpe)2(C)H)H.H20 ]2 (2.230(2) A),538 
presumably due to the greater trans influence of H compared to CO, but is globally in good 
agreement with various metal hydroxides reported in the literature as shown in Table 6.7.. 
The weaker trans influence of OH relative to hydride explains the two quite different Ru- 
CO distances found in the structure of (48) (1.966(3), 1.873(6) A) [See C hapter 6.3J.
243
Part 2 Chapter 6 -  Bis N-heterocyclic carbene complexes o f  ruthenium.
i10 - 5 -10 - 1 5 - 2 0 - 2 5
Spectrum 6.14. 1H NMR spectrum o f the reaction mixture from reaction o f (40) with D2G.
X-Ray 6.4. - X-ray structure o f (48). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms (apart from hydride and hydroxide hydrogen’s) have been omitted 
fo r clarity.
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Selected Bond Lengths [A]
Ru(l)-C(2A) 1.931(14) Ru(l)-C(2) 1.873(6)
Ru(l)-0(3) 2.058(3) Ru(l)-C(l) 1.966(3)
Ru(l)-C(24) 2.101(2) Ru(l)-0(3A) 2.10(2)
0(1)-C(1) 1.144(3) Ru(l)-C(3) 2.113(2)
0(2)-C(2) 1.207(7)
Selected Bond Angles n
C(2)-Ru( 1 )-C(2 A) 150.5(6) C(2 A)-Ru( 1 )-C( 1) 111.9(5)
C(2)-Ru(l)-C(l) 97.5(4) C(2)-Ru(l)-0(3) 172.7(4)
C(2A)-Ru(l)-0(3) 22.8(4) C(l)-Ru(l)-0(3) 89.44(15)
C(2 A)-Ru( 1 )-0(3 A) 154.5(6) C( 1 )-Ru( 1 )-0(3 A) 93.6(3)
0(3)-Ru(l>0(3A) 174.9(4) C(2A)-Ru(l)-C(24) 90.1(3)
C(2)-Ru( 1 )-C(24) 88.7(2) 0(3 )-Ru( 1 )-C(24) 88.49(10)
C( 1 )-Ru( 1 )-C(24) 96.22(9) C(2A)-Ru(l)-C(3) 82.5(3)
0(3 A)-Ru( 1 )-C(24) 87.1(4) 0(3)-Ru(l)-C(3) 88.28(11)
C(2)-Ru(l)-C(3) 93.1(2) C(24)-Ru(l )-C(3) 167.94(8)
C(l)-Ru(l)-C(3) 95.37(9) 0(3 A)-Ru( 1 )-C(3 ) 95.5(4)
Table 6.6. - Selected bond lengths [A] and angles j°]fo r Ru (IMes) 2 (CO)2 (OH)H (48).




c«-[Ir(PMe3 )4(OH)H]+ 2.119(5) [53f]
Table 6.7. - Selected M -0 bond distances in metal hydroxy complexes.
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The slower conversion of (40) to (58) compared to the formation of (58) from the 
ethanol complex (39), prompted us to probe the mechanism of the reaction by CO 
labelling in an attempt to identify any intermediates present. Thus, addition o f 13CO to (40) 
showed by NMR spectroscopy at early times (5 h) only the hydroxy hydride
complex (48) and a small amount of (58) [Spectrum 6.15.], Over time (36 h) as (48) was 
depleted and (58) grew in, we also detected an additional minor product, which was 
identified as the r\1-bicarbonate complex Ru(IMes)2(CO)2(OC(0)OH)H (57) [Spectrum 
6.16], on the basis of an alternative synthetic route as reported in Chapter 6.2.5.2.
We therefore postulate that (48), (57) and (58) are formed via the mechanism 
shown in Scheme 6.20., The hydroxy hydride inserts 13CO in an analogous way to 
Ru(IMes)2(CO)2(OEt)H, but the resulting Ru(IMes)2(CO)2(C(0)OH)H species readily 
decarboxylates to give (47) and CO2 . The dihydride complex (47) then reacts with CO to 
afford (58), while CO2 inserts into the Ru-OH bond of (48) to yield the bicarbonate 
complex (57). Although free 13C02 was not observed in the 13CO labelled experiments, 
reaction of CO2 with an isolated sample of the hydroxy hydride complex afforded (57) as 
the only product, giving strong support to the proposed scheme (Chapter 6.2.5.2.)_ The 
initial formation of some Ru(IMes)2(CO)3 upon addition of CO to (40) implied that there 




















Spectrum 6.15. - 13C spectrum of the reaction of (40) with CO after 5 h.
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L
Spectrum 6.16. - 13 C spectrum o f the reaction o f (40) with CO after 36 h.
(40) CO
IMes
OC„, | ,o'OH 
^ R u ^  









CO o c v  | ,C (0 )0H










O C  H
IMes (57)
Scheme 6.20. - Postulated mechanisms for the formation o f (58) and side product (57)
from the reaction o f (40) with CO.
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6.2.4. Reaction of (39) and (40) with O-donor ligands.
The NMR spectrum of (39) in CeD6 recorded following addition of a 20-fold 
excess of water showed significant broadening of the hydride signal at 5 -23 .51 [Spectrum 
6.17.J, but no broadening of the ethanol ligand nor any resonance for the aqua complex 
(40) was detected.
2 3 . 5- 2 2 . 5 - 2 3 .  0 - 2 4 .  0 - 2 4 . 5 - 2 5  . 0
Spectrum 6.17. -  JH  NMR spectrum o f the solution o f (39) + H2O. (Hydride region).
In the same way, broadening of hydride signal was observed upon addition of 
EtOH to solutions of the aqua complex. These observations suggest either the presence of 
intermolecular M-H "H-OR hydrogen bonding interactions, examples of which have 
recently been reported,47 or Ru-H/H-OR exchange. No reaction was seen upon the addition 
of DMSO or THF to benzene solutions of (39) or (40). We assumed that donor ligand bulk 
was responsible for this lack of reaction.
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6.2.5. Addition of C 0 2 or H 0 2C-(C5H4N) reactions to (39) and (40).
6.2.5.I. Characterisation of Ru(IMes)2(C0)(K2-0 2C0R)H (R = H (54), Et (55), 
C 5 H 4 N )  (56))
Mes Mes
QC-,... | ,,"Ox  CO, CO, 0C'V I ..,-0.
.R u ,  >  OH  ----------------  (4 0 )/(39) ------------------------------.R u ,  / -----OEt




The reaction of (39, 40) with dry C 02 resulted in formation of Ru(IMes)2(CO)(K2- 
0 2C0Et)H and Ru(IMes)2(C0)(K2-0 2C0H)H respectively [Scheme 6.21.].
9.2 9.0 8.8 8.6 8.4 81  8.0 7JB 7.6 7.4
J jL .
T I ' I 1 1 1 ‘ I 1 1 > 1 I '
9.0 8.5 8.0 7 J
« I 1 'i ■« 1 I v 1 1 1 | 1 1 -1 1 I 1 -1 i - i - j  » - r  1 1 | -1 1 1 1 | i i ' ' . . - r - ,  . - i t  1 , T
6.5 6.0 SJ 5.0 4 J  4.0 3.3 3.0 2.3 2D
' I tt-i .--H 
1.0 0.5
Spectrum 6.18. - 1H NMR spectrum o f (54).
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The *H NMR spectrum of (54) showed a hydride resonance at 6 -20.73 and a broad 
OH signal for the bicarbonate ligand at 5 8.80 [Spectrum 6.18.]; The 13C{!H} displayed a 
carbonyl resonance at 207.4 ppm, a carbene carbon at 194.0 ppm, and a distinctive singlet 
for the bicarbonate carbon at 160.3 ppm.60
In the same way, (39) reacted with 13C02 in to produce the partially soluble 
complex Ru(IMes)2(C0)(K2-0213C0Et)H (55) [Scheme 6.21., Spectrum 6.19.]. This 
displayed an hydride resonance for (55) at 8 -18.84 and a coupled (doublet of quartets) 
methylene signal at 8 3.56 (Jhh = 6.8 Hz, JHc = 2.4 Hz). The bicarbonate carbon appeared 
as a distinctive singlet at 158.7 ppm in the 13C{!H} NMR spectrum.60
7 6 5 4 3 2 1 - 0  ppm
Spectrum of 6.19. - ]H NMR spectrum o f (55).
The k  -coordination mode in both these compounds was revealed by the IR spectra, 
which contain symmetric OCO stretches at 1593 and 1598 cm'1 and stretching modes at 
1453 and 1460 cm"1 for (54) and (55) respectively.60,61
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All attempts to isolate crystals o f (54,55) suitable for X-ray crystallography proved 
unsuccessful. Nevertheless use of isonicotinic acid ( N C 5 H 4 C O 2 H )  afforded the k 2-  





Similarly to (54, 55), the ^  NMR spectrum of (56) showed an hydride resonance 
at 5 -18.49 and a distinctive resonance for the bicarbonate carbon atom at 172.2 ppm in the 
13C{1H} NMR spectrum. As seen for (54) and (55), the IR spectra displays a bands at 1596 
cm*1 for symmetric OCO stretching o f the K2-coordination mode, and at 1461 cm*1 for the 
asymmetric stretching modes.60’61
The K2-coordination mode in (56) was authenticated by an X-ray crystal structure 
determination [X-Ray 6.5.]. Selected geometric data are given in Table 6.9.. The 
O 2 C C 5 H 4 N  ligand sits almost perfectly perpendicular to the IMes-Ru-IMes axis with the 
pyridyl ring twisted 7.8° out of the RuOCO plane. The Ru-0 bond lengths (2.2763(16), 
2.2921(14) A) are long in comparison to the Ru-0 distances in similar ruthenium 
carboxylate complexes [Table 6.8.].
Compounds Ru-O distance [Ref]
Ru(PPh3)2(C0)(M e0H)(0C(0)CF3)2 2.139(6)/2.101(7) [62]
Ru(PPh3)2(C0)2(0C(0)Ph)2 2.086(5) / 2.083(7) [63]
Ru(PPh3)2(C0)2(0 2C0) 2.079(2) [64]
Table 6.8. - Selected R u-0 bond distances in carboxylate complexes o f ruthenium.
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X-Ray 6.5. - X-ray structure o f (56). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omitted fo r clarity (The hydride could not be reliably 
located due to disorder within the complex).
Selected Bond Lengths [A]
Ru(l)-C(1A) 1.733(6) Ru(l)-C(l) 1.803(3)
Ru(l)-C(2) 2.0897(18) Ru(l)-C(24) 2.0962(18)
Ru(l)-0(2) 2.2763(16) Ru(l)-0(3) 2.2921(14)
0(1)-C(1) 1.172(4) 0(2)-C(45) 1.264(3)
0(3)-C(45) 1.257(3)
Selected Bond Angles n
C(1A)-Ru(l)-C(l) 56.7(3) C( 1 A)-Ru( 1 )-C(2) 92.08(19)
C(l)-Ru(l)-C(2) 86.30(11) C( 1 A)-Ru( 1 )-C(24) 87.76(19)
C(l)-Ru(l)-C(24) 92.63(11) C(2)-Ru( 1 )-C(24) 178.82(8)
C( 1 A)-Ru( 1 )-0(2) 122.8(3) C(l)-Ru(l)-0(2) 177.09(10)
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C(2)-Ru(l)-0(2) 90.87(6) C(24)-Ru(l)-0(2) 90.20(6)
C( 1 A)-Ru(1)-0(3) 175.26(18) C(l)-Ru(l)-0(3) 123.12(12)
C(2)-Ru(l)-0(3) 92.63(6) C(24)-Ru(l)-0(3) 87.53(6)
0(2)-Ru(l>0(3) 57.67(6) C(45)-0(2)-Ru(l) 90.48(14)
C(45)-0(3)-Ru(l) 89.94(13)
Table 6.9. Selected bond lengths [A] and angles j°] fo r  Ru(IMes)2 (CO)( k2-
0 2C0C5H4N))H.
Although (54-56) are structurally related, differences in there synthesis suggest two 
different mechanisms in there formations. A common feature observed in the preparation 
of these later was formation of hydrogen gas during the synthesis. Although the 





































OC(X) = (39), R =OEt 
(X) = (40), R =OH 
Scheme 6.23. - Proposed mechanism fo r  the formation o f (54) and (55).
R u ^ r C^ o
H I OR 
IMes
In the reaction of (39, 40) with CO2 proton transfer must occur in a  first step to 
generate a vacant site (through a 16 e' species already postulated in the formation of (48)) 
[Scheme 6.23.]. Which then insert CO2 and proceed through to generate (54, 55). The 
second part of this mechanism has already been described in many CO2 insertion into M-H
253
P a rt 2 Chapter 6  -  B is N-heterocyclic carbene com plexes o f  ruthenium.
bonds, 6 5  and Ab Initio MO study of the mechanism of CO2 insertion into a Cu(I)-H bond 
has shown to proceed via charge transfer from the metal to the CO2 . 6 6  These observations 
easily extend to our system. Due to the coordinatively free lone pair orbital on the OR 
moiety lowering o f the activation barrier of the insertion step readily occurs through a 
charge transfer interaction from the OR to CO2 [Scheme 6.23.] .6 6
In the reaction of (39, 40) with isonicotinic acid it is possible that a first step 
substitution of the ROH (R = H, Et) occurs (as shown by the presence of the free ethanol in 
solution in the reaction of (39) with isonicotinic acid, followed by proton transfer to finally 














\  //N;r u




Scheme 6.24. - Proposed mechanism fo r  the formation o f (56).
6.2.5.2. Reactivity of (54), and (55) toward CO insertion.
The monodentate bicarbonate complex Ru(IMes)2(C0 )2 (ri1-0 C(O)0 H)H (57) 
which was reported above as being formed as a minor product in the reaction of 
Ru(IMes)2(CO)2(OH)H with CO, was isolated in nearly quantitative yield when CO was 
introduced into a C6D6 solution of (54) [Scheme 6.25.]. The NMR spectra o f  (57) showed 
characteristic features for this type o f ligand binding, specifically a broad low field OH 
resonance in the NMR spectrum at 8  12.10 and a bicarbonate carbon signal at 162.8 
ppm in the 13C{!H} NMR spectrum. The mode of bonding is also revealed by the 
appearance of the symmetric and asymmetric OCO stretching bands at 1605 and 1355 cm' 1 
in the IR spectrum. 52
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The X-ray crystal structure of (57) is shown in X-Ray 6.6.1. and selected bond 
lengths and angles are given in Table 6.10..
The most significant feature of this structure is the molecular packing, which 
demonstrates the dimerisation of two molecules in the asymmetric unit via hydrogen 
bonding of the bicarbonate groups [X-Ray 6.6.2. ] . 67 This mode of bonding has been 
observed before by McLoughlin et al. in 1999.68 The Ru-0 distances in (57) are 2.1344(18) 
and 2.1352(19) A, while the Ru-CO bond lengths are significantly different due to the 
different trans influences exerted by -0C (0)0H  and hydride. As in the other structurally 
characterised Ru(IMes)2(CO)2(X)H complexes reported here, the /raws-IMes ligands are 
somewhat strained as shown by the reduction in bond angles below 180° (C(25)-Ru(l)- 
C(4) 166.85(12)°, C(125)-Ru(2)-C(4) 167.66(12)°).
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X-Ray 6 .6 . - X-ray structure o f (57). thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omitted for clarity (apart from hydride and bicarbonate 
hydrogens ).
Selected Bond Lengths [A]
Ru(l)-C(l) 1.818(3) Ru(l)-C(2) 1.989(3)
Ru(l)-C(25) 2.110(3) Ru(l)-C(4) 2.116(3)
Ru(l)-0(3) 2.1344(18) Ru(2)-C(101) 1.820(3)
Ru(2)-C(102) 1.982(3) Ru(2)-C(125) 2.112(4)
Ru(2)-C(104) 2.119(3) Ru(2)-O(103) 2.1352(19)
O d)-C(l) 1.164(3) 0(2)-C(2) 1.133(4)
0(3)-C(3) 1.278(3) 0(4)-H(4) 0.91(5)
0(4)-C(3) 1.348(3) 0(5)-C(3) 1.231(4)
O(5)-H(104) 1.58(5) 0(101)-C(101) 1.150(3)
0(102)-C(102) 1.145(3) 0(103)-C(103) 1.268(3)
0(104)-H(104) 1.04(5) 0(104)-C(103) 1.341(4)
0(105)-C(103) 1.237(3) O(105)-H(4) 1.74(5)
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Selected Bond Angles n
C(l)-Ru(l)-C(2) 93.08(13) C(l)-Ru(l)-C(25) 95.33(13)
C(2)-Ru( 1 )-C(25) 94.53(13) C(l)-Ru(l)-C(4) 90.82(13)
C(2)-Ru(l)-C(4) 96.73(12) C(25)-Ru( 1 )-C(4) 166.85(12)
C(l)-Ru(l)-0(3) 171.69(11) C(2)-Ru(l)-0(3) 94.52(10)
C(25)-Ru(l)-0(3) 87.43(10) C(4)-Ru(l)-0(3) 84.94(10)
C( 101 )-Ru(2)-C( 102) 94.89(14) C( 101 )-Ru(2)-C( 125) 89.48(13)
C(102)-Ru(2)-C(125) 97.78(12) C( 1 01 )-Ru(2)-C( 104) 93.12(13)
C( 102)-Ru(2)-C( 104) 94.02(12) C( 125)-Ru(2)-C( 104) 167.66(12)
C( 10 l)-Ru(2)-0( 103) 170.19(12) C( 102)-Ru(2)-O( 103) 94.71(10)
C( 125)-Ru(2)-0( 103) 87.22(10) C( 104)-Ru(2)-O( 103) 8 8 .2 2 ( 1 0 )
C(3)-0(3)-Ru(l) 125.23(19) H(4)-0(4)-C(3) 106(3)




X-Ray 6.6.2 Molecular structure o f (57) showing the hydrogen bonding interaction between two molecules o f the complexes 
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6 .2 .6 . Reaction of Ru(IMes)2(CO)(L)(H)2  (39,40) with CH3 CH2SH and H2 S.
6 .2 .6 .1 . Synthesis of Ru(IMes)2 (CO)(CH3CH2 CH2 SH)H2 (44).
HS l'lleS
(39)/(40) -  . V ^  <44)0 6D6, RT H I ^
- EtOH, -H20  IMes H
Scheme 6.26.
Propanethiol (CH3CH2CH2SH) readily substituted at room temperature the 
coordinated solvent ligands (H20, EtOH) in both (39) and (40) to afford the same thiol 
dihydride product Ru(IMes)2(CO)(CH3CH2CH2SH)H2 (44) [Scheme 6.26.] 69 While we 
were unable to observe the S-H resonance in the NMR spectrum of (44), the appearance 
of a single high-field hydride resonance (5 -23.77), similar to that seen for (39 - 42), 
implied the presence of a 2-electron RSH ligand trans to CO.
jJLl
1 I 1 ‘ 1 1 I 1 11 1 I 1 1 1 ' I 1 > 11 I
1-6 2.4 2.2 2.0 1.8
Spectrum 6.20. - *H NMR spectrum of (44).
The *H NMR spectrum showed a large broadening of the methyl of the IMes 
moiety, presumably due to the interaction of the propanethiol ligand with the mesityl rings
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of the carbene [spectrum 6.20.], The coordinated thiol resonances are all shifted to lower 
field related to free CH3CH2CH2SH. The IR spectrum of (44) displayed a vco at 1883 cm'1, 
similar to that observed for (39 - 42).
The x-ray crystal structure of (44) [X-Ray 6.7.], and the selected geometric data are 
given in Table 6.12., The geometry at the ruthenium centre is very close to octahedral with 
a /ra«s-C(5)-Ru-C(26) angle of 177.56(4)°. Disorder in the sulphur position (68:32) 
precluded a reliable location of the SH hydrogen atom. The occupancy levels implies that 
the Ru-S bond length is closer to the value of 2.3706(15) found for Ru-S(l); this distance 
is in line with other Ru(II) thiol complexes [Table 6 .1 1 ] 70
X-Ray 6.7. - X-ray structure o f (44). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omittedfor clarity (apart from  hydride).
Compounds Ru-S distance S-C distance [Ref]
Ru(PPh3)2(Cp)(HSPr) 2.377(2) 1.837(6) [70]
Ru(dppm)(Cp)(HS'Bu) 2.371 1.870 [71]
Ru(PPh3)2(Cp)(HS(CH2)2Ph) 2.369 1.818 [72]
Table 6.11. - Selected Ru-S and S-C bond distances in R-SH ruthenium complexes.
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Selected Bond Lengths [A]
Ru(l)-C(l) 1.8258(14) Ru(l)-C(5) 2.0874(11)
Ru(l)-C(26) 2.0917(11) Ru(l)-S(l) 2.3706(15)
Ru(l)-S(1A) 2.425(3) S(l)-C(2) 1.8401(19)
0(1)-C(1) 1.1578(18)
Selected Bond Angles n
C(l)-Ru(l)-C(5) 87.91(5) C(l)-Ru(l)-C(26) 90.32(5)
C(5)-Ru(l)-C(26) 177.56(4) C(l)-Ru(l)-S(l) 173.27(6)
C(5)-Ru(l)-S(l) 95.23(5) C(26)-Ru(l)-S(l) 86.71(5)
C(l)-Rn(l)-S(1A) 173.67(8) C(5)-Ru(l)-S(1A) 96.11(8)
C(26)-Ru(l)-S(1A) 85.51(8) S(l)-Ru(l)-S(1A) 10.85(6)
C(2)-S(l)-Ru(l) 114.80(8)
Table 6 . 1 2 . - Selected bond lengths [A] and angles [°] fo r  Ru(IMes)2(C0)
(HSCH2CH2CH3)H2 (44).











In line with reactions described for (39, 40) with CO, (44) reacts with CO at room 
temperature to generate a dicarbonyl complex, namely Ru(IMes)2(CO)2(SCH2CH2CH3)H 
(52) [Scheme 6.27.]. Labelling experiments with 13CO showed that the labelled CO is 
incorporated in the position trans to the hydride (Jch = 36.6 Hz) [Spectrum 6 .2 1 .].
The hydride signal for (52) was observed in the XH NMR spectrum at 6  -4.47, 
while the resonances for the propyl chain (2.55, 2.26 and 1.57 ppm) were assigned on the 
basis of COSY spectroscopy [Spectrum 6.22.]. The IR spectrum shows three strong bands 
2015, 1946, and 1890 cm*1 [Chapter 6.3.1.].
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ju jL
Spectrum 6.21. - 1H  NMR spectrum o f  (52).
The structure of (52) was confirmed by X-ray diffraction, as shown in X-Ray 6.8., 
Selected bond distances and angles for (52) are given in Table 6.13., As in the structure of 
the hydroxy hydride (48), the coordination geometry around the central ruthenium in (52) 
is distorted from a regular octahedron with highly bent /raws-IMes-Ru-IMes and cis- 
Ru(CO)2 angles (C(6)-Ru-C(27) 165.91(6)°, C(2)-Ru-C(l) 97.81(7)°). The two Ru-CO 
bond lengths exhibit significant differences (1.9546(18), 1.8629(17) A), while the Ru-S 






0 53.0 2.5 1.5
Spectrum 6.22. - !H - }H COSY spectrum (52).
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X-Ray 6 .8 . - X-ray structure o f (52). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omittedfor clarity (apart from  hydride).
Selected Bond Lengths [A]
Ru(i)-C(l) 1.9546(18) Ru(l)-C(2) 1.8629(17)
Ru(l)-C(6) 2.1207(16) Ru(l)-C(27) 2.1086(16)
Ru(l)-S(2) 2.4539(4) 0(1)-C(1) 1.142(2)
0(2)-C(2) 1.149(2)
Selected Bond Angles [°]
C(2)-Ru(l)-C(l) 97.81(7) C(l)-Ru(l)-C(27) 97.69(7)
C(2)-Ru( 1 )-C(27) 91.43(7) C(2)-Ru(l)-C(6) 94.04(7)
C(l)-Ru(l)-C(6) 94.41(6) C(27)-Ru( 1 )-C(6) 165.91(6)
C(l)-Ru(l)-S(2) 92.94(5) C(2)-Ru(l)-S(2) 168.89(6)
C(6)-Ru(l)-S(2) 87.87(4) C(27)-Ru( 1 )-S(2) 84.35(5)
0(1)-C(l)-Ru(l) 177.57(15) C(3)-S(2)-Ru(l) 106.75(7)
0(2)-C(2)-Ru(l) 176.62(16)
Table 6.13. Selected bond lengths [A] and angles [°] for Ru(IMes)2(CO)2(SPr)H.
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Compounds Ru-S [A] [Ref]
Ru(SPh)2(DMPE) 2 2.472(1)/2.466(1) [73]
ccr-RuH(SC6H^Me)(CO)2 (PPh3 )2 2.458(1) [74]
c^R u(SC 6H4pMe)2 (CO)2(PPh3 ) 2 2.450(2)/2.470(2) [74]
(Ti6-arene)Ru(2 ,4 ,6 -SC6 H2(CHMe2)3 )2 2.259(1)/2.339(1) [75]
Table 6.14. Selected bond lengths [A] in Ru-S-C-R complexes.
The high acidity of coordinated thiol ligands7 6 combined with the instability of 
many thiol complexes77 helps to explain the paucity of structurally characterised thiol 
complexes. The transformation o f (44) into (52) upon reaction with CO is presumed to 
follow a similar protonation or hydrogen transfer pathway to that described above for the 
formation of Ru(IMes)2 (CO)2 (OH)H. Support for such a process comes from the work of 
James and co-workers7 8  who have reported H/D exchange both Ru-SH and Ru-H in 
Ru(PPh3)2(CO)2(SH)H in C D 3O D  doped solutions.
In a logical step (cf. (39, 40) + CO2) (44) was reacted with CO2 (1 atm). No 
reaction was observed even upon heating to 120°C. This can be explained by the strong 
nature of the Ru-S bond in thiolate compounds, which prevent CO2 insertion. 79 This point 
was demonstrated in 1995 by Bergman and co-workers who reported that the addition of p- 
thiocresol to a phenoxide complex led to quantitative formation of the arylthiolate complex 
at room temperature. They argued that the Ru-S bond was stronger that the Ru-0 bond 
because of the soft Ru(2+) centre and its favourable coordination to the soft sulfur bond. 
Also the reaction was driven forward by the difference in E-H bond dissociation energies 
since in PhSH the S-H bond is weaker than the O-H bond by 3 kcal/mol.8 0  Finally 
calorimetric studies by Nolan et al. have shown that formation of a Ru-S bond at the 
expense of a Ru-0 bond can be viewed to be favoured by ca. 20 kcal mol’ 1 . 6 9
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6.2.6.3. Synthesis of Ru(IMes)2 (H2 S)(CO)(H)2 .
Mes
H2S 0C'V | %^H
(39’ 40) C D  RT ‘ (43)6 6,  ] SH2
- EtOH, -H20 IMes
Scheme 6,28.
In the same manner of propanethiol, hydrogen sulfide (H2S) readily substituted the 
coordinated solvent in both (39, 40) at room temperature to afford Ru(IMes)2(CO)(H2S)H2 
(43) [Scheme 6.28.]. In related H2S complexes of ruthenium the resonance of the 
coordinated H2S have been shown to occur at a relatively high frequency (broad singlet at 
1.0 ppm for cis-RuCl2(P-N)(PPh3)(SH2)80 and singlet at 1.96 ppm for 
Ru(SH2)(PPh3)(’S4’)81 moreover in some cases the signal for these have even been shown 
to split upon cooling due to intramolecular coupling within the H2S fragment as 
demonstrated for cis-RuCl2(P-N)(PPh3)(SH2): 0.36ppm and 1.42ppm). In our system the 
H2S resonance was readily detected in the NMR spectrum of (43) as a singlet peak at - 
0.58 integrating in a 1:2 ratio with the NCH=CHN protons (shifted to lower frequency 
from the free H2S: 0.29 ppm) but these did not show any splitting upon cooling to lower 
temperature. The appearance of a single high-field hydride resonance (5 -24.47) testified to 
the trans hydride structure [Spectrum 6.23.]. Finally the IR spectrum of (43) displayed a 
Vco band at 1879 cm'1, which is in a similar region as previously observed for (39 - 42).
•24.30 -24.40 -24.SO -24.00 -24.70
Al. lL j III
Spectrum 6.23. - ]H  NMR spectrum of (43).
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Deep orange crystals of (43) were grown out of a benzene/hexane mixture, and the 
structure of this later was confirmed by X-ray diffraction (30(2) K), as shown in X-Ray 
6.9, and selected bond distances and angles for (43) are given in Table 6.16., The 
asymmetric unit in this structure was seen to consist of 2 independent halves of the 
organometallic species. The carbene complexes are based on Rul and Ru2 respectively.
X-Ray 6.9. X-ray structure o f (43). Thermal ellipsoids are set at the 50% probability 
level Hydrogen atoms have been omitted fo r clarity (apart from hydride, and H2S  
hydrogens).
The first of these molecular fragments is positioned such that the central metal 
along with the CO and sulphur from the H2S are located on a crystallographic 2-fold 
rotation axis, with the ligands disordered in a 1:1 ratio along this symmetry element. 
Nonetheless the partial hydrogens on the disulphide were readily located, as was the 
hydride hydrogen on the metal (HI01). The second bis carbene molecule was also seen to 
be located on a 2-fold rotation axis, although in this instance, it was the metal plus the two 
hydrides which are located on the symmetry element. As in the previous fragment, the CO 
and H2S ligands displayed 1.1 positional disorder. The geometry at the ruthenium centre is 
close to octahedral with two trans IMes ligands (180.000(1)°). The IMes ligands in (43) 
are twisted 52.2° from coplanarity. Disorder in the sulfur position of the two ruthenium 
fragment implies that the Ru-S bond length is closer to the value of 2.402(2) A found for
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Ru-S(l); this distance is in line with other Ru(D) H2 S complexes [Table 6.15.], and is 
shorter than that of terminal mercapto complexes (average Ru-SH, 2.46 A).82 The length is 
shorter than that found in gaseous H2 S (1.33 A) but is in the range reported for the 
Sellmann’s complex (average 1 . 2  A).80,81
The two mesityl rings appear to be twisted, resulting in some H"'H interaction 
between the IMes-CH2-H* *’HSH hydrogens, and the IMes-CH2-H‘”H-Ru hydrogens. The 
shortest IMes-CH2-H" HSH distances are 1.864 A (H1A-H10B) and 1.939 A (H3A-H31C) 
indicating some short H"‘H interactions. Related phenyr’mercapto hydrogen interaction 
have been detected, for example in (PhMe2P)3Ru(p-SH)3Ru(SH)(PMe2Ph)2 ,8 3 and 
implicated in HDS mechanisms.8 4  In a same manner the shortest IMes-CH2-H**’HSH 
distances are 1.878 A (H 1 2 C-H1 0 1 ) and 1.948 A (H102-H33C) indicating some short 
H 'H  interactions.
Compounds Ru-S [A] S-H [Rel]
Ru(PPh3) ,(SH2) S4 2.399(5) 1.19/1.21 [81]
c7 5-Ru(PPh3)(P-N)(SH2)Cl2 2.3503(3) 1.20(3)/1.30(3) [80]
c/5 -Ru(PPh3)(P-N)(SH2)Br2 2.3333(1) 1.25(7)/1.34(6) [80]
Table 6.15. Selected bond lengths [A] fo r  Ru(H2S) complexes.
Selected Bond Lengths [A]
Ru(l)-C(1 A) 1.803(7) Ru(l>C(lB) 1.829(8)
Ru(l)-C(l) 2.0737(17) Ru(l)-S(l) 2.402(2)
S(1)-H(1A) 1 .2 0 0 (2 ) Ru(l)-S(2) 2.424(2)
Ru(2)-S(3) 2.4000(18) Ru(2)-C(3A) 1.806(6)
S(3>H(3A) 1 .2 0 0 (2 ) Ru(2)-C(22) 2.0722(17)
C(1B)-0(1B) 1.117(8)
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Selected Bond Angles n
C(1A)-Ru(l)-C(1B) 180.000(1) C( 1 A)-Ru( 1 )-C( 1) 90.63(5)
C(1B)-Ru(l)-C(l) 89.37(5) C(l)-Ru(l)-C(l)#l 178.73(9)
C(1A)-Ru(l)-S(l) 180.000(1) C(3A)#2-Ru(2)-C(3A) 176.4(4)
C(l)-Ru(l)-S(l) 89.37(5) C(3A)-Ru(2)-C(22)#2 89.8(2)
C(l)-Ru(l)-S(2) 90.63(5) C(3A)-Ru(2)-C(22) 90.2(2)
C(22)#2-Ru(2)-C(22) 179.93(9) C(22)#2-Ru(2)-S(3) 91.21(6)
C(3A)-Ru(2)-S(3) 178.0(2) C(3A)#2-Ru(2)-S(3)#2 178.0(2)
C(22)-Ru(2)-S(3) 88.79(6) C(22)#2-Ru(2)-S(3)#2 88.79(6)
C(22)-Ru(2)-S(3)#2 91.21(6) S(3)-Ru(2)-S(3)#2 179.89(8)
C(3A)#2-S(3)-0(3B)#2 163.2(8) 0(3B)#2-S(3)-Ru(2) 169.6(5)
S (3 )#2-C(3 A)-Ru(2) 171.5(9) 0(3B)-C(3A)-Ru(2) 179.1(7)
C( 1 A)-Ru( 1 )-C( 1) 90.63(5)
Table 6.16. - Selected bond lengths [A] and angles [°] for Ru(IMes)2(CO)2 (H2 S)H2 .
6.2.6.4. Reactivity of (43) with CO.
As seen for (42), (43) also reacts with CO at room temperature to generate 
Ru(IMes)2 (CO)2 (SH)H (49) in high yield. Labelling experiments showed that the labelled 
13CO was incorporated trcms to the hydride (Jch = 36.1 Hz).
IMes
13CO OGv  J M
(43) .... (49)
C6D6i RT o 13C SH
Li IMes-h 2
Scheme 6.29.
The hydride signal for (49) was observed in the NMR spectrum at 5  -4.82, while 
the resonance for the SH appears as a broad signal at -3.15 ppm [Spectrum 6.24.]. The 
carbon NMR spectrum spectra displayed two carbonyl resonances at 203.15 and 197.45
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ppm [Spectrum 6.24.]. The IR spectrum showed three strong bands between 2023-1892, 
with that at 1931 cm'1 (enhanced due to intensity stealing) [Chapter 6.3.1.],
I  1
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Spectrum 6.24. - 1H  a n d 13C  NMR spectrum o f  (49).
Pale yellow crystals were grown from a benzene solution of (49) layered with 
hexane. The structure of (49) was confirmed by X-ray diffraction (X-Ray 6 . 1 0 ). Selected 
bond distances and angles are given in Table 6.17. As in the structure of the hydroxy 
hydride (48), the coordination geometry around the central ruthenium in (49) is distorted 
from a regular octahedron with highly bent /ra«s-IMes-Ru-IMes and cis-Ru(CO)2 angles 
(C(3)-Ru-C(24) 168.37 (6)°, C(2)-Ru-C(l) 95.7 (3)°). The two Ru-CO bond lengths exhibit 
significant differences (1.897(5), 1.9634 (18) A), while the Ru-S distance at 2.4352(15) A 
is comparable to that reported for other Ru(II) thiolate complexes [Table 6.18.].75 The 
extremely low temperature at which the structure was determined (3OK) allowed the 
position of the hydrogen on the sulfur to be reliably located, as well as the hydride 
hydrogen. The S-H bond appears to be bent out of the Ru-S axis (Ru-S(l)-H(IA) = 
101.00°).
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X-Ray 6.10. X-ray structure o f (49). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omitted fo r clarity (apart from hydride, and SH 
hydrogens).
Selected Bond Lengths [A]
Ru(l)-C(2) 1.897(5) Ru(l)-C(l) 1.9634(18)
Ru(l)-C(3) 2.1165(16) Ru(l)-C(24) 2.1069(16)
Ru(l)-S(l) 2.4352(15) 0(1)-C(1) 1.138(2)
0(2)-C(2) 1.182(5)
Selected Bond Angles n
C(2)-Ru(l)-C(l) 95.7(3) C(2)-Ru( 1 )-C(24) 90.8(3)
C(l)-Ru(l)-C(24) 96.43(7) C(l)-Ru(l)-C(3) 95.12(7)
C(2)-Ru(l)-C(3) 89.5(3) C(24)-Ru( 1 )-C(3) 168.37(6)
C(l)-Ru(l)-S(l) 90.98(8) C(2)-Ru(l)-S(l) 173.2(3)
C(24)-Ru(l)-S(l) 87.31(7) C(3)-Ru(l)-S(l) 91.14(7)
Table 6.17. - Selected bond lengths [A] and angles [°J for Ru(IMes)2(CO)2(SH)H.
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Compounds Ru-S [A] S-H [Ref]
cct-Ru (SHHCO)2 (PPh3 ) 2 2.470(2)/2.418(2) 1 .2 ( 1 ) / 1 .0 (2 ) [82a]
Cp*Ru(PEt3)(SH)H2 2.411(6) 1.56 [85]
CpRu(PPh3)2(SH)(CO) 2.381(3) N.A. [8 6 ]
Table 6.18. - Selected bond lengths [A] forRu(SH ) complexes.
6.2.6.5. Reactivity of (43) with H 2 S.
H2S




During the synthesis of (43) a significant colour change was observed for the 
solution from deep orange to deep purple when H2 S was present for extended reaction 
times. This was monitored by !H NMR, which showed depletion of the signals at -24.47 
and 0.29 ppm and growth of a new signal at -1.00 ppm [Spectrum 6.25.]. VT NMR of the 
newly formed species revealed a bis-carbene structure while the NMR spectrum 
showed a 2:1 ratio of the SH protons with the NCH=CHN protons [Spectrum 6.26.]. 
These data are consistent with the formation of the 16 electron complex 
Ru(IMes)2(CO)(SH)2 . The 13C{!H} NMR displayed a single carbonyl carbon signal at 
202.8 and a carbene carbon at 192.7 ppm. The IR spectrum showed a low frequency vco 
band at 1930 cm"1.
The structure of (50) was confirmed by X-ray crystallography as the 16 e" 
Ru(IMes)2(CO)(SH) 2 [X-Ray 6 .1 0 ], Selected bond distances and angles for (13) are given 
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Spectrum 6.25. - 1H NMR spectrum o f the reaction described in Scheme 6.30.. (a) t = O 
JO min; (b) t = 6 hour; (c) 12 hour.
^AJ
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Spectrum 6.26. - ]HN1MR spectrum of (50).
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X-Ray 6.10. - X-ray structure o f (50). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omitted fo r clarity (apart from hydride and SH 
hydrogens).
The coordination geometry around the central ruthenium in (50) is trigonal 
bipyramidal with the two SH moiety pointing trans towards one another (S(2)-Ru(l)-S(l) 
166.203(19) A). The Ru-S bonds appear to be noticeably smaller than in (49) (2.3764(5) / 
2.3693(5) vs. 2.4352(15)) and in related compounds [Table 6.18.], This can be seen as a 
direct effect of the electronic and steric nature of (50) and could results from 7C-donation 
filled orbital on the sulfur to the metal due to a lack of electron density. In a similar way, 
the Ru-CO displays unusual structural characteristics, the Ru-C bond is smaller than in 
(49) or (51) (1.773(2) vs 1.897(5), 1.9634(18)) and of any compounds described in this 
chapter, while the CO bond appears in line with these later (e.g. 1.166(2) vs. 1.165(3) for
(40)). Due to the vacant orbital on the metal one would expect less electron backbonding 
from the metal to the carbonyl and therefore a longer Ru-C bond and a shorter CO bond, 
the unexpected Ru-C bond distances might be explained by electronic factor (trans effect 
of the vacant orbital) and structural factor (stacking of the IMes mesityl ring on the top of 
the carbonyl [Figure 6.2.]), Several unusual structural factors arise form the presence of a 
vacant site trans to the carbonyl as shown in Figure 6.2.
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Figure 6 .2 . - Top and side view o f the X-ray structure o f (50). The top view shows the "V” 
shape bending o f the IMes ligand, as well as the over lapping o f the Mesityl rings on the 
top o f the carbonyl The side view shows the almost parallel mesityl ring on each side o f 
the carbonyl
First the two phenyl rings on each side on the carbonyl appears to be almost 
parallel (NB: The planes of the two mesityl rings are rotated with respect to each other by 
8.6°) and seat directly on the top of the carbonyl. The orientation seen for the carbene 
ligand is such that it keeps the CO ligand in the plane of the N heterocycle and therefore 
allow a face-on position of the mesityl rings. This factor is sterically more viable than these 
rings being face-on to the SH groups. Other possible explanations could arise from an 
attractive interaction - perhaps rather of the sort that makes C6F6 like to be face on to 
arenes as demonstrated by Marder et al.. Here the interaction would be a dipole/octupole 
rather than octupole-octupole (as in CeFe/C ^).88 The C(l)-Ru(l)-C(2) (94.76(8)) angle 
suggests that the mesityl rings are pressed hard against the carbonyl moiety since the 
carbene tilts towards the vacant site rather than the CO. The last peculiar factor occurring
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in this structure as a result of steric congestion is the unusual bending o f the IMes ligands 
in a “V” shape which can be seen demonstrated via two factors as shown on Figure 6.3..
170.09 /172.45
3.858 7 4.193 A
! ►
5.823 / 5.614 A
Figure 6.3. - “V” shape bending of IMes ligands as consequence of the steric congestion 
around the metal.
Selected Bond Lengths [A]
Ru(l)-C(l) 1.773(2) Ru(l)-C(23) 2.1086(18)
Ru(l)-C(2) 2.1097(18) Ru(l)-S(2) 2.3693(5)
Ru(l)-S(l) 2.3764(5) S(1)-H(20A) 5.9242
S(1)-H(11C) 6.1033 S(2)-H(43A) 5.4113
S(2)-H(34C) 5.8061 0(1)-C(1) 1.166(2)
Selected Bond Angles [°]
C(l)-Ru(l)-C(23) 95.37(8) C(l)-Ru(l)-C(2) 94.76(8)
C(23)-Ru( 1 )-C(2) 169.86(7) C(l)-Ru(l)-S(2) 94.85(6)
C(23)-Ru( 1 )-S(2) 88.30(5) C(2)-Ru(l)-S(2) 91.23(5)
C(l)-Ru(l)-S(l) 98.94(6) C(23)-Ru(l)-S(l) 90.10(5)
C(2)-Ru(l)-S(l) 87.94(5) S(2)-Ru(l)-S(l) 166.203(19)
Ru( 1 )-S( 1)-H(20 A) 24.7 Ru(l)-S(l)-H(l 1C) 46.1
H(20A)-S(1 )-H( 11C) 34.1 Ru( 1)-S(2)-H(43 A) 26.8
Ru( 1 )-S(2)-H(34C) 30.9 H(43A)-S(2)-H(34C) 30.6
Table 6.19. - Selected bond lengths [A] and angles j° ] fo r  Ru(IMes)2 (CO)(SH)2.
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Although the reaction mechanism for the formation of (50) was not probed, free H2 
gas in solution in C6D6 was observed in the NMR of the reaction mixture, leading to a 
proposed mechanism based on hydrogen transfer from the H2 S ligands to the trans hydride. 
As shown in Scheme 6.31., on the basis of the observations and reactions studied so far, 
that it is realistic to assume that protonation of one of the strongly hydridic hydride ligands 
by the (very acidic) coordinated H2 S yields a putative dihydrogen hydrogen sulfate hydride 
species, which readily dissociates Hfe (observed by !H NMR during the reaction) in the 
presence of H2 S. Preliminary work on this mechanism has showed that (50) reacts back in 
the presence with H2 to regenerate (43). This process could readily be achieved backward 
and forward several times by adding H2 S to (43) or H2 to (50) [Spectrum 6.27.]. Further 
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Scheme 6.31. - Proposed mechanism fo r the formation o f (50).
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Spectrum 6.27. - Addition o f H2 to (50). (a) t Os; (h) t 1 h; (c) t = 6h.









In order to access the reactivity of (50), one atmosphere of CO gas was added to a 
C6D6 solution of (50). Over the course of 1 hour the colour of the solution changed form 
purple to off yellow and a yellow precipitate was formed [Scheme 6.32.]. This process was 
monitored by NMR, and showed depletion of the signal at -1.00 ppm for the SH protons 
and growth of a new SH signal at 5 -3.58 ppm [Spectrum 6.28.], This new signal 
integrates in a 2:1 ratio of the SH protons with the NCH=CHN protons. The ^C^H} NMR 
displayed a single carbonyl carbon signal at 199.4 and a carbene carbon at 183.5 ppm. The 
IR spectrum showed a vco band at 1978 cm'1. These data are consistent with the formation
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of the 18 electron complex Ru(IMes)2(CO)2(SH)2 (51). This reaction can be explained due 
to the vacant orbital on (50) readily filled by the two donor electron CO ligand. (51) was 
easily isolated as a rather insoluble yellow material in a 86% yield.
 jJI i________
r 1 1 1  I . . . . I . k . I 1 I ■ rf I I / , I f .• k * 1 1 I *
7 6 5 4 3 2
Spectrum 6.28. - 1H  NMR spectrum o f (51).
The structure of (51) was confirmed by X-ray crystallography [X-Ray 6.11], 
Selected bond distances and angles for (51) are given in Table 6.20., The coordination 
geometry around the central ruthenium in (51) close to regular octahedral due to the trans 
nature of the ligands (C(l)-Ru(l)-C(2): 173.67(10) °; C(3)-Ru(l)-C(24): 175.46(6)°; S(l)- 
Ru(l)-S(2): 178.862(19) °). The Ru-S bond (2.4440(5)A) is in line with other reported 
thiolate complexes [Table 6.18.] and compares with (49) (2.4352(15)A). The Ru-C in the 
carbonyl moiety is longer than for (50) (1.933(2) / 1.9388(18) vs. 1.773(2)A). Which can 
be attributed to an increase 7c-back donation form the filled d-orbitals on the metal to the 
vacant 7i* orbital on the the carbonyl ligand resulting in a longer Ru-C bond and a shorter 
CO bond. Weak H-H interaction between the S-H and the methyl hydrogens are observed
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(H2A-H12C : 1.607A; H1-H33C: 1.773 A). The peculiar feature of this structure lies in the 
trans nature of the carbonyl ligands, as in octahedral dicarbonyl complexes it is usual to 
find that the c/s-di carbonyl isomer is thermodynamically more stable than the 
corresponding trans-isomer. Very few /raws-dicarbonyl complexes have been isolated and 
structurally characterised.89
X-Ray 6.11. - X-ray structure o f (51). Thermal ellipsoids are set at the 50% probability 
level Hydrogen atoms have been omitted fo r clarity (apart from hydride and SH 
hydrogens).
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Selected Bond Lengths [A]
Ru(l)-C(l) 1.933(2) Ru(l)-C(2) 1.9388(18)
Ru(l)-C(3) 2.1704(16) Ru(l)-C(24) 2.1716(16)
Ru(l)-S(l) 2.4440(5) Ru(l)-S(2) 2.4478(5)
0(1)-C(1) 1.128(3) 0(2)-C(2) 1.133(2)
Selected Bond Angles n
C(l)-Ru(l)-C(2) 173.67(10) C(l)-Ru(l)-C(3) 89.14(7)
C(2)-Ru(l)-C(3) 90.65(6) C(l)-Ru(l)-C(24) 90.87(7)
C(2)-Ru(l)-C(24) 89.84(7) C(3 )-Ru( 1 )-C(24) 175.46(6)
C(l)-Ru(l)-S(l) 91.22(9) C(2)-Ru(l)-S(l) 95.07(6)
C(3)-Ru(l)-S(l) 84.85(4) C(24)-Ru(l)-S(l) 90.61(4)
C(l)-Ru(l)-S(2) 87.69(9) C(2)-Ru(l)-S(2) 86.03(6)
C(3)-Ru(l)-S(2) 95.44(4) C(24)-Ru( 1 )-S(2) 89.10(4)
S(l)-Ru(l)-S(2) 178.862(19)
Table 6.20. - Selected bond lengths [A] and angles [°] for Ru(IMes)2(CO)2 (SH)2.
Investigation of the process of formation of (51) has demonstrated the reversibility 
of this reaction. A CeDe solution of (51) under 1 atm of CO would readily convert back to 
(50) within the course of an hour upon removal of the CO atmosphere under vacuum.90 
This process could be driven back and forward several times (up to 5 times have been 
observed) on a single sample without any decomposition or side product being observed. 
Moreover when dynamic vacuum was applied to a powder sample of (51), slow fading 
from yellow to purple was observed suggesting CO loss in the solid state. This was verified 
by mean of IR experiments which showed slow formation of (50) after 24 hours under 
dynamic vacuum. Similarly formation of (51) from (50) slowly proceeded in the solid state 
under CO atmosphere. Further work is currently in hand in order to determine the kinetics 
and mechanism of this reaction.
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No reaction was observed upon treatment of (39, 40) with pyridine, p-anisidine, 
2,4,6-trimethylpyridine, or tert-butyl isocyanide. Nevertheless, addition of four equivalents 
of acetonitrile to a C6D6 solution of (39) gave the A/-imidoylimidato complex (59), 
resulting from the coupling of two CH3CN ligands in a head-to-tail manner with the Ru- 
OH2 group [Scheme 6.33.], The proton NMR spectrum of (59) showed two inequivalent 
methyl resonances (1.99, 1.52 ppm) and a singlet hydride resonance at 5 -11.40 [Spectrum 
6.29.], A broad feature at 6 5.73 was assigned to the N-H group. The Ru-CO (210.3 ppm) 
and the Ru-C (191.4 ppm) were readily assigned in the 13C{1H} NMR spectrum. Whereas 
!H-13C HMQC and HMBC experiments were used to assign two signals at 173 .8 and 166.0 
to the nitrile carbons. The IR spectrum displayed two bands at 1865 and 2016 cm'1 for the 
v c o  and v r u-h respectively.
•10.5 41D 4 1 .3  42.0 -12.3 4 3 .0  1 3 J  4 4 j0  44 .3  4 3 .0  43 .3  4 6 D  46 .3  47 .0
JJti A
7.0 6.5 6.0 3.0 4.0 3.0 2.0
Spectrum 6.29. - !H  NMR spectrum of (59).
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A single crystal of (59) suitable for X-ray diffraction was obtained from a 
toluene/hexane solution. A plot of the asymmetric unit is shown in X-Ray 6.12. while 
selected bond lengths and angles are given in Table 6.21.,
The A-imidoylimidato chelate ring is approximately flat, but not entirely planar. 
The maximum deviation from the least squares plane containing atoms Ru(l), N(5), C(2), 
N(6) and C(4) is 0.08 A (for C(4)) while the perpendicular distance from 0(2) to this plane 
is 0.28 A. In this respect, the structure of (59) is a little different to the structure of 
Ru(PPh3)2(CO)(NH=CRN=CRO)Cl (R = p- or /w-tolyl), reported by Hiraki et al,91 which 
contains the 6 atoms of the chelate on a plane within 0.06 A. A comparison of the bond 
lengths [Figure 6.4.] in the structures also revealed significant differences. Most noticeable 
is the lengthening of the Ru-O and Ru-N bond distances in (59), and the fact that Ru-O is 
now shorter than the Ru-N distance. However, lengthening of the Ru-0 bond length in (59) 
compared to the Hiraki complex would be expected due to the presence of an hydride 
rather than a chloride in the trcms position. Similar 6-membered ring oxa-aza metallacycles 
have been characterised for Zr, Ni and Cu.92 94
X-Ray 6.12. X-ray structure o f (59). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omitted fo r clarity (apart from hydride, and SH 
hydrogens).
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Selected Bond Length [A]
Ru(l)-C(l) 1.828(3) Ru(l)-C(27) 2.098(3)
Ru(l)-C(6) 2.107(3) R u(l>0(2) 2.124(2)
Ru(l)-N(5) 2.173(2) 0(1)-C(1) 1.145(4)
0(2)-C(4) 1.250(4) N(l)-C(6) 1.376(4)
N(l)-C(8) 1.385(4) N(l)-C(9) 1.447(4)
N(2)-C(6) 1.376(4) N(2)-C(7) 1.391(4)
N(2)-C(18) 1.442(4) N(3)-C(27) 1.372(4)
N(3)-C(28) 1.391(4) N(3)-C(39) 1.448(4)
N(4)-C(27) 1.373(4) N(4)-C(29) 1.387(4)
N(4)-C(30) 1.447(4) N(5)-C(2) 1.295(4)
N(6)-C(4) 1.339(4) N(6)-C(2) 1.381(4)
C(2)-C(3) 1.506(4) C(4)-C(5) 1.508(5)
Selected Bond Angles n
C(l)-Ru(l)-C(27) 90.27(12) C(l)-Ru(l)-C(6) 89.03(12)
C(27)-Ru( 1 )-C(6) 170.28(11) C(l)-Ru(l)-0(2) 174.31(11)
C(27)-Ru( 1 )-0(2) 89.61(10) C(6)-Ru(l)-0(2) 90.13(10)
C(l)-Ru(l)-N(5) 104.90(12) C(27)-Ru( 1 )-N(5) 93.46(10)
C(6)-Ru(l)-N(5) 96.09(10) 0(2)-Ru(l>N(5) 80.79(9)
C(4)-0(2)-Ru(l) 129.3(2) C(2)-N(5>Ru(l) 129.5(2)
C(4)-N(6)-C(2) 121.5(3) 0(1)-C(l)-Ru(l) 178.0(3)
N(5)-C(2)-N(6) 126.1(3) N(5)-C(2)-C(3) 121.6(3)
N(6)-C(2)-C(3) 112.4(3) 0(2)-C(4)-N(6) 130.3(3)
0(2>C(4>C(5) 114.6(3) N(6)-C(4)-C(5) 115.1(3)
Table 6.21. - Selected bond lengths [A] and angles j°] fo r  Ru(IMes)2 (CO)(NH=C(CH3)  
N=C(CH3)0 )H  (59).
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[Ru] = Ru(IMes)2(C0)H [Ru] = Ru(PPh3)2(CO)CI
1 .250(4 ).. 1284(8) (p-tolyl)
2.124(2) 4 3 ------- ^ , 3 3 5 (4 , 2 .0 9 2 (5 ,4 3 --------
 r ^ 3 8 1 f 4 1  9  r . ]- > rJ--------r ^ 1 N370(9)2.173(2) N c  1-381(4) 2.031(7) N------- C
w  H Me ' H (p-tolyl)
1.295(4) 1.300(10)
Figure 6.4. - Comparison o f bond lengths in the N-imidoylimidato complexes Ru(IMes) 2  
(CO)(NH=C(CH3)N=C(CH3)0)H andR u(P Ph3) 2(CO)(NH=C(p-tolyl)N=C(p-tolyl)0)CL
The formation of Ru(PPh3)2(CO)(NH=CRN=CRO)Cl was proposed to arise via 
nitrile hydration to give an intermediate amidato complex, which subsequently inserted a 
second nitrile to yield the final product following a 1,3-hydrogen shift. The presence of 
water was therefore vital to the formation of this metallacyclic complex. Although we have 
not probed the mechanism of the formation of (59), a similar pathway would seem 
reasonable due to the availability of coordinated water in (40). On the basis of the 
literature, two prospective pathway can be envisaged.66 ,95 ’9 6  One route, involve a direct 
formation of (59) through a concerted mechanisms similar to those described for the CO2 
insertion into M-H bonds [Scheme 6.34., Pathway (a) ] . 6 6 While a second route involve 
formation of a chelated amide intermediate. 95 ,96
A spectrum recorded only two hours after the insertion of CH3-CN shows 
formation o f an intermediate (59a) showing an hydride resonance at -17.64 ppm 
[Spectrum 2.30.]. This signal is in the same region as observed for the Ru(k2-C>2CO) 
reported in this chapter, suggesting similarities in structures around the ruthenium center. 
Thus we propose formation of a chelated amide such as Ru(IMes)2(CO)( K2 -N,0-CMe)H 
(59a) which acts as an intermediate in the formation of (59). Formation o f  these chelate 
amide complex is proposed to arise via interaction of an amide or a nitrile with a M-OH 
bond .9 5  Subsequent reaction of (59a) with acetonitrile afford the final product (59).
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Spectrum 6.30. - NMR spectrum of (59a).
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6.2.6. Reaction of (39) and (40) with and C6CI6.
6.2.6.1. Reaction of (39) and (40) with C ^ .
IMes
C6F6 or H-F OC   ]  ,H
(39)/(40) -  ° ° (45)
u 6u 6, RT H | F~H
IMes
Scheme 6.35.
Upon the addition of 2 equivalents of C6F6 to a benzene solution of (39) or (40) a 
rapid colour change of the reaction mixture was observed. At this time a new trans hydride 
species was observed at -24.63 ppm [Scheme 6.35., Spectrum 6.31.J, The reaction was 
completed after 12 h and (45) could be isolated in an almost quantitative yield as a 
crystalline material (crystallisation was achieved by layering of the reaction mixture with 
hexane).
   A__________________
r l ' I  r P  1 I I I I T - n T T m  | T T -I-I I I < M I M I I I I I < <








Spectrum 6.31. - ]H  NMR spectrum o f  (45).
The and NMR spectra of the isolated material revealed a new trans hydride
species, similar to (39-44). As the ]H NMR spectrum showed, there was no evidence for 
any coordinated protio ligand, thus we opted for a fluorine derivative. The 19F NMR 
spectrum displayed a broad signal at -208.49 ppm [Spectrum 6.32]. The chemistry of HF
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complexes being really poor, very little chemistry is available on the subject, and amongst 
the very few M-HF characterised,97'100 NMR characterisation remains dubious due to 
stabilization through hydrogen bonding. Nevertheless the 19F NMR signal appears to be in 
line with H-F complexes stabilized by hydrogen bonding100,101 and Ru-H-F-H102 but 
remains considerably lower than any Ru-F101 complexes. It has been shows that large F-H
1 o ncoupling occurs in the case of HF types of complexes (-440 Hz). Unfortunately we were 
unable to observe either the F-H resonance in the XH NMR spectrum or the H-F coupling in 
the fluorine spectrum of (45), even at very low temperature. Attempts to pull off the 
hydrogen on the fluorine by the use of strong base such as Et3N, proton sponge, or PMe3 
proved to be impossible. The infra red spectra showed a single carbonyl band at 1872 cm'1 
consistent with (39-44).
- 2 0 2 - 2 0 4 - 2 0 6 - 2 0 8 -210 -212 - 2 1 4
Spectrum 6.32. - 19F NMR spectrum of complex (45).
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Deep orange crystals were grown from a benzene solution of (45) layered with 
hexane and the structure of was confirmed by X-ray diffraction [X-Ray 6.13.], Selected 
bond distances and angles for (45) are given in Table 6.22., The coordination geometry 
around the central ruthenium in (45) is distorted from a regular octahedron with highly 
bent /nms-IMes-Ru-IMes and was shown to be isostructural with that of all the bis-carbene 
trans hydrides seen so far. The IMes rings are twisted 47.3° from coplanarity, and a Ru-F- 
H distance of 2.0332(15) A was observed. Unfortunately there are not any structural data 
available for such complexes. Nevertheless the HF nature of (45) will be discussed in Part
6.3.2.
X-Ray 6.13. - X-Seed drawing o f the molecular structure o f (45) in the solid state. Thermal 
ellipsoids are set at the 50% probability level. Hydrogen atoms are omitted fo r  clarity 
(apart from the hydrides).
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Selected Bond Length [A]
Ru(l)-C(1A) 1.784(3) Ru(l)-F(l) 2.0332(15)
Ru(i)-C(l) 2.067(2) Ru(l)-C(22) 2.073(2)
0(1)-C(1A) 1.170(4)
Selected Bond Angles n
H(l)-Ru(l>H(2) 152(2) H(l)-Ru(l>C(lA) 78.1(15)
H(2)-Ru( 1 )-C( 1 A) 74.3(19) H (l)-Ru(l>F(l) 105.8(15)
H(2)-Ru(l)-F(l) 101.7(19) C(1A)-Ru(l)-F(l) 175.99(11)
H(l)-Ru(l)-C(l) 89.6(13) H(2)-Ru(l)-C(l) 90.2(19)
C(1A)-Ru(l)-C(l) 92.69(11) F(l)-Ru(l)-C(l) 86.67(8)
H(l)-Ru(l)-C(22) 90.2(13) H(2)-Ru(l)-C(22) 91.8(19)
C(1A)-Ru(l)-C(22) 90.91(11) F(l)-Ru(l)-C(22) 89.80(8)
C(l)-Ru(l)-C(22) 176.26(10)
Table 6.22. Selected bond lengths [A] and angles [°] for Ru(IMes)2(CO)(HF)H2 (45).
Although the pathway to the formation of (45) was not been probed, several 
observations were made. In fact the synthesis of (45) could be made via a different route, 
by reacting (39) or (40) with a direct source of HF (3H-F/NEt3). Secondly, when adding 
NEt3 to (45) a chemical shift and broadening of the hydride was observed from 8 -24.63 to 
-24.54 ppm and similarly for the fluorine signal shifting from 8 -208.49 to -208.15 
[Spectrum 6.33.]. A similar effect was observed upon reaction of (45) with a source of HF 
(3H-F/NEt3), resulting in a shift of the hydride signal from 8 -24.63 to -24.88, and a 
broadening of the signal; moreover a broad signal was observed on the proton at 12.14 
ppm and a singular pattern was seen in the fluorine as seen in Spectrum 6.34. suggesting 
several hydrogen bonding patterns such as F-H“F-H or F-H“*NEt3 .
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- 2 5 PP»
Spectrum 6.33. - JH NMR spectrum o f the solution mixture o f (45) and 3HF/NEl3.
Spectrum 6.34. - 19F NMR spectrum of the solution mixture o f (45) and 3HF/NEt3.
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These are several interesting observations worth emphasising the NMR 
experiments conducted on the reaction mixture. Two major new species (CeFsOEt, p- 
C6F4(OEt)2 103) arising from the coupling of the ethanol ligand with 0 ^ 6  were observed 
and characterised by multinuclear /  multidimentional NMR experiments [Figure 6.5., 
Spectrum 6.35.], suggesting a similar pathway to the one observed so far as shown of 
Scheme 6.36. for the formation of (45). (NB: Assignment of the fluorine signals have 
proven to be difficult due to over lapping of these later).
1H
13C




6: 3.66 q (Jhh = 7.2 Hz, 2H, CH2) 3.60 q (JHH = 6.8 Hz, 2H, CH2)
1.19 t (JHH = 7.2 Hz, 3H, CH3) 0.97 t (Jhh = 6.8 Hz, 3H, CH3)
5: 57.6 CH2 716 ch2
21.6 CH3 15.5 ch3
Spectrum 6.35. -
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H I F-H 
IMes
Scheme 6.36. - Proposed mechanism fo r  the formation o f (45).













As seen for the previous dihydride isolated (45) reacts with CO at room 
temperature to generate the Ru(IMes)2(CO)2(F)H (53) [Scheme 6.36.]. The hydride signal 
for (53) was observed in the NMR spectrum at 6-3.77 [Spectrum 6.36.] and labelling 
experiment showed that the labelled CO ends up in the position trans to the hydride (J h c =
46.3 Hz), whereas the fluoride now seat cis to the hydride (J hf = 6.4 Hz). The fluoride 
signal was observed at - 400 ppm on the 19F NMR, as a broad singlet. The carbon spectra 
displayed two carbonyl carbon signal; at 205.1 (J cf = 89.47Hz), 193.6 (J cf = 9.55Hz) ppm. 
The IR spectrum shows three strong bands between 2001-1880 cm'1, with that at 1938 cm'1 
(Ru(IMes)2(13CO)(CO)(F)H 1991, 1930, 1892 cm'1) enhanced due to intensity stealing 
assigned to vr„.h on the grounds of the observations made for (53).
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7.J 7jO 6.5 6 j0 5 J 5.0 4.5 4.0 3.5 2.5
Spectrum 6.36. - ]H  NMR spectrum o f  (S3)-13CO.
Light yellow crystals could be grown out of a benzene solution of (53) layered with 
hexane. The structure of (53) was confirmed by X-ray diffraction [X-Ray 6.14.], Selected 
bond distances and angles for (53) are given in Table 6.23., As in the structure of the 
hydroxy hydride (48, 49. 52, 53), the coordination geometry around the central ruthenium 
in (53) is distorted from a regular octahedron with highly bent /ram-IMes-Ru-IMes and 
cis-Ru(CO)2 angles (C(3)-Ru-C(24) 167.67(6)°, C(2)-Ru-C(l) 96.14(18)°). The two Ru- 
CO bond lengths exhibit significant differences (1.890(6), 1.988(2) A), while a distance of 
2.019(5) A for the Ru-F distance appears to be similar to the one than observed in other of 
Ru(II) fluoride complexes [Table 6.24.],
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X-Ray 6.14. - X-Seed drawing o f the molecular structure o f (53) in the solid state. Thermal 
ellipsoids are set at the 50% probability level Hydrogen atoms have been omitted fo r  
clarity (apart from the hydride).
Selected Bond Length [A]
Ru(l)-H(99) 1.588(16) Ru(l)-C(2) 1.890(6)
Ru(l)-C(l) 1.988(2) Ru(l)-C(3) 2.0998(15)
Ru(l)-F(2A) 2.019(5) 0(2)-C(2) 1.115(8)
Ru(l)-C(24) 2.1074(16) 0(1)-C(1) 1.130(3)
Selected Bond Angles n
C(2)-Ru(l)-C(l) 96.14(18) C(2)-Ru( 1 )-F (2 A) 173.4(2)
C( 1 )-Ru( 1 )-F(2A) 90.03(15) C(2)-Ru(l)-C(3) 88.06(17)
C(l)-Ru(l)-C(3) 96.33(7) C(l)-Ru(l)-C(24) 95.66(7)
F(2 A)-Ru( 1 )-C(3) 89.01(15) F(2A)-Ru( 1)-C(24) 88.12(15)
C(2)-Ru( 1 )-C(24) 93.50(18) C(2 A)-Ru( 1 )-C(24) 85.6(5)
C(3)-Ru( 1 )-C(24) 167.67(6)
Table 6.23. - Selected bond lengths [A] and angles [°J fo r Ru(IMes)2(CO)2 (F)H (53).
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Table 6.24. - Selected bond lengths [A] in Ru-F complexes
Upon longer reaction time (36h) under 13CO, formation of (58) was observed. This 
experiment was repeated upon reaction o f a pure sample of (53) with CO and in a similar 

























Scheme 3.37. - Proposed reaction mechanism for the formation of (58) upon the reaction 
of (45) with CO.
The first postulated pathway involves reductive elimination of HF [Scheme 3.37., 
Pathway 1]. Although very few and poorly characterised references are available in the 
literature for such a process,106 it is backed up by various example of reductive elimination 
of HC1,107 H2O,10S and HOR (R = CH3, CH2CH3)109 well described in the literature. Thus 
enabling the reductive elimination of HF as a possible pathway to (58).
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The second possible pathway originate form the observations made in the reaction 
of (53) with CO where we described the reaction of CO insertion into the Ru-OH bond, in 
a similar manner CO insertion into Ru-F bond has been reported previously by Brewer et 
al. to generate M(PPh3)2(C0)2((C=0)F)F (M = Ru, Os),110 suggesting the possibility of the 
formation of (58) via CO insertion into the Ru-F bond [Scheme 3.37., Pathway 2].
At this stage no definitive conclusion is to be made on either of these pathways due 
to the lack of mechanistic and spectroscopic information concerning the whole process.
6.2.6.3. Reaction of (39), (40) with CeCk.
Mes
C6Fe or H-CI OC'-v I  H 
(39)/(40) 6 6 - (46)
C 6D6) RT h  I Cl-H
IMes
Scheme 3.38.
The reaction of (39, 40) with CeF6 could be extended to the use o f  C6C16, and 
addition of 2 equivalent of CeCU to a benzene solution of (39) or (40) resulted in formation 
of Ru(IMes)2(CO)(Cl-H)H2 after 1 week at 50°C [Scheme 3.38.]. The NMR spectrum 
of (46) showed a trans hydride species with a hydride signal at -25.42 ppm [Spectrum 
6.37.]. A single carbonyl band was observed in the IR spectrum at 1882 cm-1 in a similar 
region to (39-46). However, both NMR and IR prove of limited use for further 
characterisation of Ru(IMes)2 (CO)(HCl)H2 . Fortunately, red crystals of (46) could be 
grown out of benzene/hexane solution.
The X-ray structure of (46) [X-Ray 6.15.] was recorded at 30 K, but showed 
disorder which prevented any hope of being able to observe the Ru-Cl-H hydrogen atom. 
Nevertheless, selected bond distances and angles for (46) are given in Table 6.25., The 
coordination geometry around the central ruthenium in (46) is distorted from a regular 
octahedron with the IMes rings twisted 53.2° from coplanarity. The Ru-Cl-H distance is 
2.0332(15) A and noticeably, significantly shorter than ‘conventional’ Ru-Cl distances in, 
for example, c7s-Ru(PMePh2)3(CO)Cl2 (Ru-Cl: {trans to PMePh2) 2.461(8), {trans to CO) 
2.454(8) A) and frans-Ru(PMePh2)3(CO)Cl2 (Ru-Cl: 2.422(4), 2.423(3) A).m
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I ' ' 1 * I ' r 1 ' I ' ' ' ' I ' 1 ' ' I ' r ■ ’ | - * - - | J i • • | » • • • | ■ k • • | • • ■ » | - ■ • ■ | k • ' • | • • • i | 1 i i ■ | 
7 J  7.0 6 J  6j0 J J  5.0 4.5 4 0  3 J  3 0  2 J  2 0  1 J  lO  0.5
. . . , ----------, . . ' t  , i n  r r i r . i T ,  | r . r | | , r  ,
410 400 3.90 300 3.70 300 3.50 300 330 3 20 130 130 i.10 100 0.90 OOO
Spectrum 6.37. — !H NMR spectrum o f the reaction mixture resulting from the formation 
o f (46) by reaction o f (39) with CfCle-
X-Ray 6.15. - X-ray structure o f (46). Thermal ellipsoids are set at the 50% probability 
level. Hydrogen atoms have been omittedfor clarity.
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Selected Bond Length [A]
Ru(1)-C(1A) 1.776(12) Ru(1)-CI(1) 2.433(3)
Ru(1)-C(1) 2.075(3) 0(1)-C(1A) 1.189(13)
Selected Bond Angles [o]
C(1)-Ru(1)-C(1) 179.78(19) C(1A)-Ru(1)-C(1) 89.1(5)
C(1A)-Ru(1)-CI(1) 178.6(5) C(1)-Ru(1)-CI(1) 89.92(14)
Table 6.25. - Selected bond lengths [A] and angles [°Jfor Ru(fMes)2 (CO)(HCl)H.2  (46).
As seen previously for (46) several new species coming from the coupling of the 
ethanol ligand with CeCl6 were observed during the reaction of (39) with CeCU- These 
were characterised by multinuclear and multidimentional NMR experiments (Figure 6.6.), 
suggesting a similar pathway to the one proposed for the formation of (45).112
Cl Cl Cl Cl
1H 5: 3.66 q (Jhh = 7.2 Hz, 2H, CH^ 3.60 q (Jhh = 6.8 Hz, 2H, CH2)
1.19 t (Jhh = 7.2 Hz, 3H, CH3) 0.97 t (Jhh = 6.8 Hz, 3H, CH3)
13c 5: 58.3 ch2 70.3 ch2
18.4 c h 3 15.8 ch3
Figure 6.6. - NMR shift assignments o f the ethanol C f f h  coupling products.
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6.3 Discussion.
6.3.1. Spectroscopic analysis.
The complexes described in this chapter show very similar NMR spectra due to the 
symmetry brought about by the /r<ms-IMes ligands. The proton spectra characteristically 
show 1 to 3 methyl resonances between 2.0 to 2.8 ppm, depending on the symmetry and 
the fluxionally within the complex. One resonance is always observed for the NCH=HCN 
protons (6.08 to 6.44 ppm), the average being around 6 6.15. As seen in table 6.26., minute 









(39) -23.51 205.6 197.9 1887
(40) -23.15 206.4 198.6 1861
(41) -23.79 205.0 197.0 1858
(42) -24.48 205.5 194.9 1881
(43) -23.77 203.1 197.5 1883
(44) -24.47 202.8 192.7 1879
(45) -24.63 206.0 196.3 1873
(46) -25.42 202.4 195.5 1882
Table 6.26. - Selected spectroscopic data fo r  the trans-dihydride species.
Similar trend is observed for the dicarbonyl species as seen in table 6.27. 
Interestingly in all these species three (instead of two) strong IR band are observed in the 
carbonyl region of the IR spectrum [Spectrum 6.38.]. This can be explained by an 
enhancement of the hydride signal due to intensity stealing and the v ru-h could be assigned
I
on the grounds of the observed shift to lower frequency of the other two bands upon CO 
labelling [Spectrum 6.38.].
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(48) -3.75 204.2/ 188.9 184.8 2019/ 1924/1880
(49) -4.82 203.1 / 197.4 185.8 2023/ 1931 / 1892
(52) -4.47 202.9/199.0 186.6 2014/ 1946/ 1896
(53) -3.80 205.1 / 193.6 1991 / 1930/ 1892
(57) -4.30 206.2/194.8 185.0 2041/ 1965/ 1916
(39’) -3.88 / 195.2 NA
(39” ) -5.24 206.1 /198.5 NA










1 8 -  I l ^ \  /
1.4 - " )  \ J
2000 1900
Spectrum 6.38. - Selected spectroscopic data fo r the cis-dicarbonyl species.
(40)-C O  (4 0 )-13CO
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6.3.2. Structural analysis.
While there a number of structurally characterised bis-carbene complexes reported 
in the literature,113 only very few of these contain two IMes ligands.114 A comparison of 
the crystallographically determined structures reported herein reveals some noteworthy 
trends.
In the first instance, the twist angle ( 0 t )  as defined in Figure 6.7 varies across all 
compounds, from 18° in the propanethiol complex (44) to 53.2° for the H-Cl complex (46). 
This is not unexpected, as unfavourable interactions between the para -methyl substituents 
on the mesityl rings might result if 0 t had a value of zero. The magnitude of the twist angle 
appears to be inversely proportional to the steric demand of the varying equatorial ligand in 
the trans dihydride complexes, as shown by the value of 0 t in table 6.28. It is therefore 
reasonable to assume that the carbene ligands act as rotating “umbrellas” for the ligand in 
the trans-position to the carbonyl, and can be considered as a structural evidence for the 
steric crowding around the metal centre.




Figure 6.7. - Definition o f  the twist angle.
e T = 0.5 [<Nr Cr C2-N3 + <N2-C1-C2-N4]
Throughout the dihydride complexes, the EMes fragments in the molecule tend to 
be approximately axial with respect to the equatorial plane of the molecule (as defined by 
the metal centre, hydrides and ligand atoms bound to the metal) and this is reflected in the 
Ccarbene-Ru-Ccarbene angles [a; table 6.28] for these compounds. Despite the inherent 
difficulty in locating hydrogen atoms from X-ray analysis, it is reasonable to say that the 
hydrides in all of these complexes are located in the 2 'pockets' [Figure 6.7.], on either side
301
P a rt 2 Chapter 6  -  B is N-heterocyclic carbene com plexes o f  ruthenium.
of the ruthenium, created by the IMes ligands, along a vector through the metal centre that 
bisects 0t.
Complex 0 x 0 a n Ru-C C-O [A]
(39) 32.3 180 1.824(7) 1.143(7)
(40) 48.0 174.90 1.798(3) 1.165(3)
(42) 27.6 178.05 1.826(18) 1.22(2)
(43) 18.2 177.56(4) 1.8258(14) 1.1578(18)
(44) 52.2 178.73(9) 1.803(7) 1.212(6)
(45) 47.3 176.26(10) 1.784(3) 1.170(4)
(46) 53.2 179.78(19) 1.776(12) 1.189(13)
Table 6.28. - Selected bond angle and distances fo r  the trans dihydride species.
On the face o f it, this pattern would seem to be reversed for the bis-carbonyl 
complexes where 0 t for the propanethiolate complex (52), the monodentate bicarbonate 
complex (57), the hydroxy hydride species (48), the hydride fluoride (53) and the thiolate 
complex (49), are correspondingly, 41.8, 39.0, 22.8°, 22.0° and 15.7° with the chelate (59) 
having a value of 26.4° [Table 6.29.] . In some structures the proximity between a meta- 
methyl carbon on the mesityl ring of one carbene to the centroid of the opposing aromatic 
ring on the second carbene might suggest the presence o f some C-H«**7t stabilisation, but 
this is a little tenuous given the inherent bulk of the carbenes themselves.
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(48) 22.8 167.94(8) 1.873(6) 1.966(3) 1.207(7) 1.144(3)
(49) 22.0 168.37(6) 1.897(5) 1.9634(18) 1.182(5) 1.138(2)
(52) 41.8 165.91(6) 1.8629(17) 1.9546(18) 1.149(2) 1.142(2)
(53) 15.7 167.67(6) 1.890(6) 1.988(2) 1.115(8) 1.130(3)
(57) 39.0 166.85(12) 1.818(3) 1.989(3) 1.164(3) 1.133(4)
(59) 26.4 170.28(11) 1.828(3) NA 1.145(4) NA
Table 6.29. - Selected bond angle and distances fo r the cis dicarbonyl species.
Comparative Ccarbene-Ru-Ccarbene angles for the bis-carbonyl complexes (48), (49), 
(52), (53), (57) and the chelate compound (59) are considerably more acute at 167.94(8), 
168.37(6), 165.91(6), 167.67(6), 166.85(12) and 170.28(11)° respectively. This is 
inevitable as one of the 'pockets' has to expand to accommodate a substituent considerably 
larger than a hydride in these four compounds, which results in concomitant compression 
of the of the mesityl rings enfolding the hydride. Asymmetry in the Ncarbene-Ccarbene-Ru 
angles strongly reflects this intramolecular elasticity with typical decreases of 3° on the 
hydride side o f a carbene compared with the alternative angle in the same carbene. It is 
also striking that in these compounds, the pairs of aromatic rings that envelop individual 
pocketed coordination sites on the metal are almost mutually coplanar. Shortest distances 
between the carbons o f one ring surrounding a carbonyl pocket and the least squares plane 
of the opposing ring range from 5.53 A (59), 5.72 A (48), 6.08A (57) and 6.14 A for (52). 
Analysis of the superstructures for all compounds did not reveal any specific insight. 
Aromatic rings from neighbouring molecules in the lattice of (39) appear to stack, but an 
average distance between the carbons o f one ring and the least squares plane o f the other of
4.3 A, suggests that this may largely be a packing effect.
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HF nature of (45), HC1 nature of (46).
The reaction o f either aqua complex (40) or ethanol complex (39) with C6F6 or 
EtsN.3HF generates a complex that we believe would represent the first structurally 
characterised transition metal coordinated HF complex [Table 6,30.]. Crabtree and co­
workers have spectroscopically characterised Ir(H)(FH)(bq-H)(PPh3)2 , although the 
complex proved to be unstable above 210 K preventing structural characterisation. On the 
basis of our spectroscopic data for Ru(IMes)2 (CO)(HF)H2 , it is clear from the chemical 
shift in the 19F NMR spectrum that it is not a terminal Ru-F species. Similarly, the carbonyl 
stretching frequency correlates well with other isolated tfraws-dihydride Ru(XH) species 
described in this chapter. On the basis of simple electron counting, we require a two- 
electron donor ligand in the position trans to CO to give an 18-electron complex. Although 
we have a number of X-ray structures covering a range of temperatures, we have not been 
able to resolve the hydrogen atom on the coordinated HF. There is no remaining electron 
density in the diffraction map ruling out a Ru-HF complex stabilized by solvent 
interaction. Unexpectedly, the Ru-F bond distance observed in (40) appears to be relatively 
short (2.0332(15) A), and in line with bulk of measurements made for terminal ruthenium 
fluoride complexes, Further work, including a possible neutron defraction determination, is 
planned to resolve and prove the structure of (40).
Compounds M-F [A] [Ref]
La(HF)2(AsF6)3 2.466(3) [115]
Pb(HF)(AsF6 >2 N. A (Powder Diff) [116]
Ir(HXFH)(bq-NH2)(PH3) 2 2.143 (DFT calcs) [117]
Ir(HXFH)(bq-NH2)(PPh3 ) 2 N.A [118]
Table 6.30. - Selected bond lengths [A] in M-FH complexes.
Similar observations applies to (46), although for this species there is less 
possibility that an hydrogen will be found due to the important electron density around the 
Cl atom (relatively to the hydrogen atom) which should prevent the hydrogen to be reliably 
located.
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6.4. Conclusion.
Attempted crystallisation of Ru(IMes)2 (AsPh3)(CO)H2 by ROH (R = Me, Et, 
EtOCetLi) or hexane led to the isolation of Ru(IMes)2 (CO)(ROH)H2 (R = Et (39), Me (41), 
EtOC6H4 (42)) and Ru(IMes)2(C0 )(H2 0 )H2 (40) respectively, all o f which contain an 
unusual trans arrangement of the hydride ligands. Both (39) and (40) prove highly reactive 
towards a range of small molecules to afford Ru-X (X = heteroatom) complexes through 
either simple substitution processes (e.g. displacement of water by thiol, HF, H2S and HC1) 
or via more complex reactions to give monohydride Ru(IMes)2(CO)2(X)H compounds. 
Within the latter group, Ru(IMes)2 (CO)2(OH)H (48) and Ru(IMes)2(CO)2 (ri1-0 2 COH)H 
(57) are of particular interest in that they represent rare examples of fully characterised 
hydroxy hydride and monodentate bicarbonate complexes. In all of the cases we have 
studied, reaction of the Ru-HOR (R = H, Et) bond occurs in preference to chemistry at the 
Ru-H ligand. Although full mechanistic studies of all the reactions described in this chapter 
have not been made, a general reaction pathway was observed for conversion of 
Ru(CO)(XH)H2 to Ru(CO)2(X)H involving a hydrogen transfer from RuXH to Ru-H.
Of particular interest to us at the outset of this work was the likely stability o f the 
Ru-X bonds. Caulton has shown the propensity of the coordinatively saturated iridium 
heteratom complexes Ir(PtBu2Ph)2(CO)(X)H2 to reductively eliminate H-X upon addition 
of CO is highly dependent upon X. Thus, for X = 0 C (0 )0R  and SPh, the 18-electron 
complex is metastable in the presence of CO, ultimately losing phosphine and HX to give 
16-electron Ir(PtBu2Ph)(CO)2H. When X = F or OPh, HX loss is almost instantaneous. 
These patterns of reactivity are governed by the 7t-donating ability of X (prc-dTt interactions 
destabilise the 18-electron species and stabilise 16-electron complexes) and the strength of 
the H-X bond that is formed upon elimination. In the case of Ru(IMes)2 (CO)2 (X)H, we see 
some evidence for Ru-X reaction, though not via simple HX reductive elimination. Hence, 
although Ru(IMes)2(CO)2(OH)H reacts with CO, the pathway involves a series of insertion 
and elimination processes leading to Ru(IMes)2 (CO) 3  as the final product. In conclusion, 
the presence of two bulky IMes ligands on Ru has been shown to help stabilise bonds to 
oxygen, nitrogen, sulphur, flurorine and chlorine. Further work is in progress to examine 
fully the reactivity of these linkages and to extend the scope to other X heteroatoms.
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7.1. General methods.
All manipulations were carried out under an argon atmosphere using standard 
Schlenk and high vacuum techniques or in an air and moisture free glovebox.
NMR solvents were purchased from Goss Scientific Ltd and were dried, degassed 
and stored under argon; cL-benzene, dg-toluene and dg-tetrahydrofuran were vacuum 
transferred from purple solutions of potassium benzophenone ketyl; d2-dichloromethane, d- 
chloroform, d3 -acetonitrile and d6-dmso were vacuum transferred from CafL.
All solvents (unless otherwise stated) were distilled from purple solutions of 
sodium benzophenone ketyl (hexane, diethyl ether, toluene, benzene, tetrahydrofuran), 
Mg/f2 (methanol, ethanol) or CaH2 (triethylamine) and stored under argon. The ketone 
substrates were purchased from Aldrich; 2,-methylacetophenone and 4’- 
fluoroacetophenone were dried over 4 A molecular sieves, vacuum transferred and stored 
under argon. 4-methoxy-acetophenone, acetophenone and benzophenone were stored in a 
glove box and used without further purification. The alkene substrates were purchased 
from Aldrich; triethoxyvinylsilane and trimethylvinylsilane were dried over 4 A molecular 
sieves, vacuum transferred and stored under argon. Triphenylvinylsilane was stored in a 
glove box and used without further purification. Hexafluorobenzene was purchased from 
Aldrich, dried over 4 A molecular sieves, vacuum transferred and stored under argon. 
Et3N.3 HF and paraformaldehyde were purchased from Aldrich, stored in glove box and 
used without further purification. Ethene (Aldrich, 99.9%), D2 (Aldrich, 99.8%), 13CO 
(Cambridge Isotopes, 99%), 13CC>2 (Cambridge Isotopes, 99%) were used as received.
Physical and analytical measurements.
NMR spectra were recorded on JEOL EX 270, Bruker Avance 300 MHz or Varian 
Mercury 400 MHz NMR spectrometers. The lH NMR spectra were referenced to the 
chemical shifts of residual protio solvent resonances (ds-benzene 8  7.15, d7-toluene 8  2.10, 
d7 -tetrahydrofuran 8  3.60). The 13C NMR spectra were referenced to d^-benzene ( 8  128.0), 
dg-toluene ( 8  21.1) and dg-thf ( 8  20.4). The 31P NMR chemical shifts were referenced 
externally to 85% H3PO4 ( 8  0 .0 ). The 19F NMR spectra were referenced to external CFCI3 
( 8  0.00). IR spectra were recorded as nujol mulls on a Nicolet NEXUS FTIR spectrometer. 
IR kinetic measurements were performed on a Nicolet Protege 460 FTER spectrometer. 
Elemental analyses were performed at the University of Bath. Gas chromatography was
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carried out on a Fisons 8000 GC spectrometer.
7.2. Preparation of ruthenium precursors.
7.2.1. Preparation of ruthenium complexes bearing phosphine ligands.
7.2.1.1. Preparation of Ru(PPh3)3(CO)H2 (1)
Ru(PPh3)3(CO)H2 was prepared from a modified method in the literature . 1 A 500 ml 
three necked round bottomed flask equipped with a magnetic stirring bar, argon inlet, outlet 
bubbler and a reflux condenser was flame dried under vacuum and flushed with argon and 
then charged with triphenylphosphine (6.28 g, 24 mmol) followed by -280 ml of ethanol. 
Before the preparation of the reflux, three Schlenk tubes were dried under vacuum and 
flushed with argon three times. (1) was charged with hydrated ruthenium trichloride (1.04 
g, 4 mmol) and -40  ml o f ethanol; (2) was charged with aqueous formaldehyde (40 ml, 
40% w/v solution) which was degassed by argon bubbling; (3) was charged with a -4 0  ml 
of ethanol and potassium hydroxide ( 1 . 2 0  g, 2 0  mmol). Solutions (1), (2), (3) were quickly 
added in that order to the boiling ethanol solution of triphenylphosphine. The solution was 
heated under reflux for 25 min and then cooled in an ice bath. The resultant grey precipitate 
was washed with 50 ml o f absolute ethanol, 50 ml of deionised water and 50 ml of absolute 
ethanol and 50 ml o f hexane. The resultant crude product was dried under vacuum. (Yield 
2.45 g). The cmde powder was dissolved in warm benzene (NB: room temperature 
dissolution in benzene was used with a little increase in the volume o f benzene used), and 
the solution filtered to remove insoluble solids. The benzene solution was passed through a 
neutral alumina column (neutral activity I; eluent benzene, 10 cm length x 5 cm i.d.) and 
then diluted by addition of 200 ml of methanol and then concentrated. The concentrated 
liquid was then put in a freezer for 2  hr to enforce the precipitation of Ru(PPh3)3(CO)H2 , 
and then filtered. The solid was washed with dry hexane (2x10 ml) and dried in vacuum for 
2 hr, yielding 1.20 g (33%) of a white microcrystalline powder. TH NMR (C6D 6 , 400 MHz, 
293 K): 5 -6.53 (m, 1H, Ru-Ha, JPd-Ha=15.3 Hz, JPc-Ha=30.5 Hz, JHa-Hb = 6.1 Hz), -8.29 (m, 
1H, Ru-Hh, J p d - H b = 7 4 . 5  Hz, J Po. H b = 2 8 . 1  Hz, JH,-m,=6.1 Hz); 31P{'H} NMR: 8 5 8 . 2  (d, 2JP.P= 
1 6 . 8  Hz), 4 6 . 1  ( t ,  2J p.p =  1 6 . 8  Hz). IR(cm '): 1 9 6 0 ( s )  ( v r » - c o ) ,  1 8 9 8 ( m )  ( VRii.h ) .
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7.2.1.2. Preparation of Ru(PPli3)2 (CO)2H2 (2)
Ru(PPh3)2(CO)2H2 was prepared using a modified route.2
a) Preparation of the tetrafluoroborate para-methoxyphenyl diazonium salt: The
diazonium salt was prepared by a modification reported route 3 The choice was made to 
substitute absolute ethanol for water as the reaction solvent, due to the highly solubility of 
the salt in water. In a beaker equipped with a magnetic stirring bar was added 30 ml of a 
48% HBF4  solution and 30 ml of absolute ethanol, then 12.31 g (0 . 1  mol) of para-anisidine 
was slowly added. The mixture was then cooled below 5°C by a salt/ice mixture. A solution 
of 6.90 g (0 . 1  mol) of NaNC>2 in 30 ml of absolute ethanol was slowly added so that the 
temperature did not exceed 278 K and stirring was continued for further 30 min until a 
white precipitate was completely formed. The salt was washed with 10 ml o f cold ethanol, 
20 ml of cold acetone and 10 ml o f diethyl ether, and then placed in an ice-cooled Schlenk 
tube and carefully dried under partial vacuum. (CAUTION: EXPLOSIVE POWDER).
b) Preparation of the Arylazo derivative: A Schlenk tube equipped with a magnetic 
stirring bar was flame dried and charged with 1 . 0 0  g (1.41 mmol) of Ru(PPh3 )2 (CO)3 , 0.31 
g (1.41 mmol) of diazonium salt and 20 ml of benzene. The mixture was then left stirring 
for 16 hr until an orange precipitate was formed. The solution was then removed via filter 
cannula and the solid material was washed with 3 x 5  cm'3 of benzene and 1 0  cm'3 of 
hexane, and then dried under vacuum. The compound was isolated as an orange powder 
(yield 1.08 g, 91%). IR (cm'1): 2039 - 1970 (vRu-co) (s).
c) Synthesis of c/s-Ru(PPh3)2(CO)2H2: A Schlenk equipped with a magnetic stirring 
bar was flame dried and charged with 1.08 g (1.28 mmol) of the arylazo derivative, 0.89 g 
ofNaBH4  and 30 ml of ethanol. The mixture was left stirring over a period o f 3 hr until the 
orange precipitate turned to a white creamy precipitate. The product was filtered off and 
washed with 3 x 5 ml of ethanol and 10 ml of n-hexane and then dried under vacuum. 0.61 
g (70%) of an off-white powder was isolated. !H NMR (CeD6 , 400 MHz, 293 K): 6  -4.30 (t, 
2H, Ru-H, J P -h = 2 3 . 5  Hz); D^cm'1): 2015(s) - 1970(s) (vRu-co), 1870(m) - 1820(m) (vRu.H).
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7.2.1.3. Preparation of Ru(PPh3)3 (CO ) 2  (3)
Ru(PPh3)3(CO) 2  was prepared by a modified route.4 A Schlenk equipped with a 
magnetic stirring bar was flame dried and charged with 0.61 g (0.90 mmol) cis- 
Ru(PPh3)2 (CO)2H2 and 7 equivalents (1.65 g) of triphenylphosphine in 30 ml of methanol. 
The mixture was heated and stirred at 363 K for 9 hr until the white creamy mixture turned 
to an orange suspension. The product was filtered off and washed with 3 x 5 ml of ethanol 
and 10 ml of n-hexane and dried under vacuum. 0.69 g (82%) of a creamy white powder 
was isolated. 31P{‘H} NMR (CsDe, 400 MHz, 293 K): 8  51.0 (s). IR (cm-1): 1895 (s) (vRtt. 
co).
7.2.1.4. Preparation of Ru(PPh3)2 (CO ) 3 (4)
Ru(PPh3)2(CO) 3 was prepared using a modified method in the literature.5  A 500 ml 
three necked round bottomed flask equipped with a magnetic stirring bar, argon inlet, outlet 
bubbler and a reflux condenser was flame dried under vacuum and flushed with argon and 
then charged with triphenylphosphine (4.74 g, 18 mmol) followed by -180 ml o f 2- 
methoxyethanol. Before the preparation of the reflux, three Schlenk tubes were dried under 
vacuum and flushed with argon three times. ( 1 ) was charged with hydrated ruthenium 
trichloride (0.78 g, 3 mmol) and -60 ml of cooled 2-methoxyethanol; (2) was charged with 
hot aqueous formaldehyde (60 ml, 40% w/v solution), which was degassed by argon 
bubbling; (3) was charged with a -60 ml of hot 2-methoxyethanol and potassium hydroxide 
(1.20 g, 20 mmol). The contents of (1), (2) and (3) were rapidly added sequentially to the 
boiling ethanol solution of triphenylphosphine. The solution was heated under reflux for 2h 
and then cooled to room temperature. The resultant yellow microcrystalline precipitate was 
then washed with 1 0 0  ml of dried ethanol, 1 0 0  ml of degassed deionised water and 1 0 0  ml 
of dried ethanol and 100 ml o f dried hexane. The resultant crude product was then dried 
under vacuum to afford 1.75 g (82%) of a yellow microcrystalline powder. 3 1P{1H} NMR 
(CeDe, 400 MHz, 293 K): 8  56.6 (s). IR (cm'1): 1900 (vRu-co).
7.2.1.5. Preparation of Ru(PPh3)3 Cl2  (5)
Ru(PPh3)3Cl2 was prepared according to literature.6  Typically a 500 ml, three 
necked, round bottom flask equipped with a magnetic stirring bar, an argon inlet, an outlet 
bubbler, and a reflux condenser was flame dried under vacuum and flushed with argon, and 
was charged with RuC13 ( 1 . 0 0  g, 3.80 mmol) followed by -250 ml o f methanol, and the 
solution refluxed under nitrogen for 5 mins. After cooling, triphenylphosphine was added
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(6.00 g, 22.90 mmol) is added, and the solution is then refluxed under nitrogen for 3 hr. 
The complex precipitates from the hot solution as shiny black crystals. After the solution 
was left aside to cool down to room temperature, the isolated precipitate was washed 3 
times with degassed ether, and then dried under vacuum. To give 2.54 g (70%) of product. 
The complex was used without any further purification or characterization.
7.2.1 .6 . Preparation of Ru(PPh3)3(H)2(H2) (6 )
Ru(PPh3)3(H)2(H2) was prepared by a reported route7 A Schlenk tube equipped 
with a magnetic stirring bar was flame dried and charged with a solution o f 0.76 g (0.85 
mmol) of Ru(PPh3)3Cl2 dissolved in 1 2 0  ml of a 4:3 mixture of H2-saturated 
ethanol/benzene. Under a gentle stream of H2, 0.14 g (3.75 mmol) ofNaBHj dissolved in 
10 ml of H2-saturated ethanol was added dropwise to the ethanol/benzene solution. The red 
mixture rapidly changed to pink over the next 20 min. The mixture was stirred further to 
give a thick white precipitate over the next 2 hr. The filtrate was isolated by filtration with 
a filter cannula, washed with 3 x 5 ml o f  ^ -saturated ethanol and 10 ml of H2-saturated n- 
hexane and then dried under vacuum to give a white powder. Yield 0.48 g, 63 %. lH  NMR 
(C6D6, 400 MHz, 293 K): 5 -6.96 (br s, 4H), 6.95-7.52 (m, 45H), 31P{1H} NMR: 6  58.5 (s). 
IR (cm'1): 1946 (s) (vRu-co).
7.2.1.7. Preparation of Ru(PPh3)2(CO)[Ti4-(CH2=CH)Si(CH3)2] (7)
Ru(PPh3)2(CO)[r|4-(CH2=CH)Si(CH3)2] was prepared using a modified route.8  A 
Schlenk tube equipped with a magnetic stirring bar was flame dried under vacuum and then 
charged with 0.50 g (0.55 mmol) of (1), toluene (1 ml) and 118 pi (0.56 mmol) of 
triethoxyvinylsilane. The sealed Schlenk tube was heated at 120°C for 5-6 min. A 
quantitative yield of triethoxyethylsilane was formed. The Schlenk tube was then removed 
from the heating bath and cooled to room temperature. Dimethyldivinylsilane (125 pi, 0.53 
mmol) was then injected into the solution, and the system put back into the heating bath for 
a further 1 0  min until solid material precipitated. The mixture was cooled to 10°C to 
enforce the precipitation of the solid material and 10ml of diethyl ether were added. The 
liquid phase was then removed via filter cannula and the resulting powder was washed 
three times with 10 ml of Et2 0 . The solid was then dried under vacuum for 5h to give 0.34g 
(81%) of a light yellowish powder. The powder was dissolved in refluxing toluene (2-3 ml) 
and cooled to room temperature in an ice bath. Over the next 10 hr, transparent orange
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crystals were formed. 'H  NMR (CsD*, 400 MHz, 293 K): 8  0.11 (s, 3H, CH3), 0.94 (s, 3H, 
CH3), 0.70 (br s, 1H); 3 1P{‘H} NMR: 5 52.1 (s), IR (cm 1): 1884 (vR„.co). (NB: NMR: due 
to the high fluxionality o f the vinyl protons, some of the resulting peaks were too broad to 
be seen.)
7.2.1.8. Preparation of Ru(PPh3)(dppp)(CO)H2  (8)
Ru(PPh3)(dppp)(CO)H2 was prepared using a modified route9 A Schlenk tube 
equipped with a magnetic stirring bar was flame dried and charged with 0.75 g  (0.82 mmol) 
(1) and 0.36 g (0.87 mmol) dppp in 25 ml of toluene. The mixture was then refluxed for lhr 
giving a dark brown solution. The toluene was removed under vacuum to leave a brown oil, 
which was when was diluted with 25 ml of methanol and stirred for 3h until a white 
precipitate was formed. The solution was then filtered via filter cannula and the resultant 
crude powder washed 3 times (10 ml of methanol and 10 ml of hexane) and then dried 
under vacuum. Yield 0.5 lg  (77%). 'H NMR (C6 D6, 400 MHz, 293 K): 8  -6.98 (m, 1H, Ru-
H), -6.50 (m, 1H, Ru-H). 31P{1H} NMR: 8  59.9 (dd, 2Jp i-p3= 2 2 8 ,1  Hz, 2 J p i - p 2 = 2 3 . 4  H z),
38.7 (dd, 2Jp3-p1=228.1 Hz, f e .^ 2 3 .5  Hz), 29.25 (t, 2 J P i . p 2 = 2 3 . 5  Hz). IR (cm-1): 1932 (vRu. 
co) (s), 1901 - 1832 ( v Ru.h )  (m).
7.2.2. Preparation of ruthenium complexes bearing arsine ligands
7.2.2.I. Preparation of Ru(AsPh3)3 (CO)Cl2
Ru(AsPh3)3 (CO)Cl2 was prepared using a reported route from the literature. 10 The 
reaction was typically scaled up by a factor of 4 with no major changes made to the 
reported method. Typically, a 500 ml three necked round bottomed flask equipped with a 
magnetic stirring bar, argon inlet, outlet bubbler and a reflux condenser was flame dried 
under vacuum and flushed with argon and then charged with triphenylarsine (7.40 g, 24.2 
mmol) followed by -200 ml of 2-methoxyphenol. Before the preparation of the reflux, two 
Schlenk tubes were dried under vacuum and flushed with argon three times. (1) was 
charged with hydrated ruthenium trichloride (1.18 g, 4.52 mmol) and -60  ml o f 2- 
methoxyphenol; (2) was charged with aqueous formaldehyde ( 8 8  ml, 40% w/v solution) 
which was degassed by argon bubbling. ( 1 ) and (2 ) were quickly added in that order to the 
boiling ethanol solution of triphenylarsine. The mixture was heated under reflux for 2 hr 
during which the solution became pale orange. After cooling the solution was reduced in
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volume to 80 ml before addition of 80 ml o f cold methanol. The yellow precipitate which 
was formed was separated and washed with cold ethanol (2 x 50ml) and hexane (50ml). 
The resultant pure product was then dried under vacuum to give 4.10 g (81%) of a yellow 
microcrystalline powder. IR (cm'1): 1949 ( v r u-c o )
7.2.2.2. Preparation of Ru(AsPh3)3 (CO)H2 (9)
Ru(AsPh3)3(CO)H2 was prepared using a modified route.10 The reaction was scaled 
up (4x) with no major changes made to the reported route. Typically a 500 ml three necked 
round bottomed flask equipped with a magnetic stirring bar, argon inlet, outlet bubbler and 
a reflux condenser was flame dried under vacuum and flushed with argon. It was then 
charged with ethanol (200 ml), Ru(AsPh3)3(CO)Cl2 (2.10 g, 1.77 mmol) and sodium 
borohydride (4.00 g, 105.57 mmol). The mixture was then brought to boiling and allowed 
to stir and reflux for 1.5 hr. After cooling, the tan slurry was washed 3 times with 100 ml of 
ethanol. The residue left was then pumped to dryness under vacuo and 100 ml of toluene 
was added to the residue for extraction. The mixture was then stirred for 30 min at 60°C 
and the solution was filtered through a filter cannula. Removal o f the solvent under vacuo 
afforded a brown residue. To this residue was added 100 ml o f ethanol and the mixture 
stirred for 10 min, during which time a white powder precipitated out. The powder was 
washed twice with 100 ml of ethanol, followed by 100 ml of hexane. The final product was 
then dried under vacuo to give 1.76 g (89 %) of a white powder. XH NMR (C6D6 , 300 MHz, 
293 K): 5 -9.44 (d, 1H, J h h = 6.6 H z ) ,  -9.92 (d, 1H, J h h =6 . 6  Hz). IR (cm'1): 1930 (vRu.Co), 
1900 (vru-h).
7.2.2.3. Preparation of Ru(AsPh3 )(dppp)(CO)H 2 ( 1 0 )
Ru(AsPh3)(dppp)(CO)H2 was prepared using modified route. 11 A Schlenk tube 
equipped with a magnetic stirring bar was flame dried and charged with 0.750g (0.82 
mmol) o f (9), 0.404 g (0.98 mmol, 1.2 eq) dppp in 25ml of toluene. The mixture was then 
refluxed 2 hr giving a dark brown solution. Toluene was removed under vacuum, leaving a 
brown oil, when was diluted with 25 ml of methanol were added to the oil and the mixture 
was stirred for 3h until a white precipitate was formed. The solution was removed via filter 
cannula and the resultant crude powder was washed with 3 times (10 ml of methanol, and 
10 ml o f hexane), and then dried under vacuum to afford 0.55g (79 %) of (10). IR (cm'1): 
1934 ( v r u - c o ) .
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7.2.2.4. Preparation of Ru(AsPh3)(arphos)(CO)H2 (11)
Ru(AsPh3)(arphos)(CO)H2 (arphos = Ph2AsCH2CH2PPh2) was prepared using a 
modified route . 11 A Schlenk tube equipped with a magnetic stirring bar was flame dried 
and charged with 0.50 g (0.82 mmol) of (9) and 0.39 g (0.98 mmol, 1.2 equivalents) arphos 
in 25 ml of toluene. The mixture was then refluxed for 2 hr giving a dark brown solution. 
Toluene was removed under vacuum leaving a brown oil. 25 ml of methanol were added 
and the mixture was stirred for 3h until a white precipitate was formed. The solution was 
then filtered via filter cannula and the remaining crude powder washed 3 times with 10 ml 
of methanol and 10 ml of hexane. It was then dried under vacuum to afford 0.25 g (60.5 %) 
o f ( l l) .  *HNMR (C(sD6,400 MHz, 293 K): 5 = -6 . 8  (dd, 1 H, JHH = 14.2 Hz, JPH = 28.5 Hz), 
-7.2. (dd, 1H, Jhh= 14.2 Hz, JPH = 28.5 Hz) IR (cm-1): 1931 ( v r ^ c o ) .
7.3. Preparation of ruthenium complexes with relevance to the Murai reaction.







An ampoule fitted with a Teflon stopcock containing a solution of (1) (0.20 g, 0.22 
mmol) in 2  ml toluene was ffeeze-pump-thaw degassed and placed under 1 atmosphere of 
ethene. The solution was heated at 120°C for 10 min, during which time the solution turned 
deep red. The mixture was cooled rapidly to room temperature and 20 ml ethene-saturated 
diethyl ether was added. After stirring for 15 min, a yellow precipitate formed. This was 
filtered off, washed with C2H4-saturated Et2 0  (2 x 1 0  ml) and 1 0  ml hexane and pumped to 
dryness to leave a yellow powder in ca. 50% yield. Failure to use ethene-saturated solutions 
leads to depletion of product yields, typically to between 30-0%. Recrystallization from hot 
ethene-saturated toluene gave thin red plates suitable for X-ray crystallography. Analysis 
for RUC57H49P3 O [found (calculated)]: C, 70.4 (72.52); H, 5.17 (5.23). Repeated analyses
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consistently gave a low percentage of carbon. *H NMR (CfA , 400 MHz, 293 K): 
8  8.00-6.60 (br, 45H, P C A ), 1.79 (br s, 4H, C2H4 ). (C A C D 3 , 400 MHz, 203 K): 8  2.34 
(br s, 2H, C2H4), 1.33 (br s, 2H, C A ) . 3 lP{*H} NMR ( C A , 293 K): 8  48.4 (br s). 
(CsDjCDs, 203 K): 8  45.6 (t, JPP = 9.7 Hz), 49.3 (d, JPP = 9.7 Hz). 13C{'H} ( C A ,  293 K): 
8  214.1 (q, Jr e = 13.7 Hz, Ru-CO), 134.6 (br s), 128.7 (br s), 127.6 (br s), 29.8 (s, C A ) . 
(C A C D j, 263 K): 8  213.4 (q, Jpc= 13.0 Hz, Rn-CO), 8  134.2 (br s), 8  129.3 (br s), 8
127.3 (br s), 8  29.4 (br s, C2H4), 8  25.7 (s, C2H 4). (C A C D 3, 218 K): 213.3 (br t, Jrc = 2 0 . 1  
Hz, Ru-CO), 30.0 (br s, C2H 4), 28.6 (s, C2H4). IR (cm'1): 1854 (vco).
7.3.1.2. Ru(PPh3)2(CO)(ri4-(CH2=CH-CH=CH2)) (13)
An ampoule fitted with a Teflon stopcock containing a solution of (1) (0.20 g, 0.22 
mmol) in 2  ml toluene was freeze-pump-thaw degassed and placed under 1 atmosphere of 
ethene. The solution was heated at 120°C for 40 min, during which time the solution turned 
deep red. The solution was then cooled down to room temperature and the solvent was
of hexane at -70°C (isopropanol/dry ice bath). The pure material was then dry under 
vacuum. Yield 0.18 g (85%). [H NMR ( C A  400 MHz, 293 K): 8  7.60-6.60 (br, 30H,
1H, CH2=CH-CH=CH2), 1.22 (br s, 1H, CH2=CH-CH=CH2), -0.74 (br s, 2H, CH2=CH- 
CH=CH2). (C A C D j, 400 MHz, 353 K): 8  5.11 (br s, 2H, CH2=CH-CH=CH2), 1.55 (br s, 
2H, CH2=CH-CH=CH2), -0.75 (br t, 2 H, CH2=CH-CH=CH2 , JP.H = 7.2 Hz). [H NMR 
(C6D6, 400 MHz, 273 K): 5.42 (br s, 1H, CH2=CH-CH=CH2), 5.04 (br s, 1 H, CH2=CH- 
CH=CH2), 2.25 (brm, 1H, CH2=CH-CH=CH2), 1.20 (br m, 1H, CH2=CH-CH=CH2), -0.74 
(br q, 1H, CH2=CH-CH=CH2, JHP = 6.0 Hz), -0.86 (br q, 1H, CH2=CH-CH=CH2, Jh? = 7.6 
Hz). 31P{1H} NMR ( C A  293 K): 8  60.7 (br s), 47.8 (br s). 13C{1H) ( C A  293 K): 8  
206.7(pseudot, Jrc= 10.4Hz,Ru-CO), 139.0(brs), 138.8(brs), 137.1 (brs), 133.6(brs),
128.5 (br s), 127.6 (br s), 89.3 (br s, CH2 =CH-CH=CH2), 79.6 (br s, CH2=CH-CH=CH2),




removed under vacuum, leaving a deep red residue. The residue was washed with 3 x 5 ml
PCeHs), 5.34 (br s, 1H, CH2=CH-CH=CH2), 5.00 (br s, 1H, CH2=CH-CH=CH2), 2.19 (br s,
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CH2=CH-CH=CH2). (CsDsCDs, 253 K): 5 206.8 (br dd, Jrc = 13.5 Hz, Jrc =  6.0 Hz, Ru- 
CO), 5 8 8 . 8  (d, Jrc = 89.7 Hz, CH2=CH-CH=CH2), 5 79.6 (1:1:1 triplet, Jrc = 72.0 Hz, 






To a suspension of (6 ) (0.20 g, 0.22 mmol) in 5 ml thf was added an excess of 
acetophenone (366 pL, 3.1 mmol). The mixture was heated with stirring at 45°C for 12 hr. 
The solution was concentrated to yield an orange precipitate, which was filtered off, 
washed with hexane (3 x 10 ml) and dried in vacuo. Yield 0.18 g, 81%. Block shaped 
orange crystals were formed when thf solutions were left at room temperature for 2  weeks. 
Analysis for RuC62H52P30.3.5 th f [found (calculated)]: C, 72.8 (73.25); H, 5.78 (5.41). ■h 
NMR (CsDs, 400 MHz, 293 K): 5 7.88-6.75 (m, 47H, PC6 H;, CsH,), 6.30 (br t, JH-h = 7.2 
Hz), 6.45 (br t, JH.H = 7.2 Hz), 1.36 (s, 3H, CH3), -15.42 (dt, JPH = 26.0 Hz, JPH = 13.2 Hz, 
1H, Ru-H). 31P{1H} NMR (CsD*, 293 K): 8  57.0 (d, JPP = 23.1 Hz), 46.6 (t, JPP = 23.1 Hz). 
13C{*H} (CsDfe 293 K): 5 196.3 (s, Ru-0=C), 146.7 (s), 146.4 (s), 135.3-133.9 (m), 132.8 
(s), 132.3 (s), 132.2 (s), 131.6 (s), 129.8 (s), 129.7 (s), 118.8 (s), 23.2 (s, CH3). IR (cm 1): 





To a suspension of (6 ) (0.20 g, 0.22 mmol) in 5 ml thf was added an excess of p-
325
Chapter 7 -  Experimental
methoxyacetophenone (0.43 g, 3.10 mmol). The mixture was heated with stirring at 50°C 
for 12 hr. The solution was concentrated to yield an orange precipitate, which was filtered 
off, washed with hexane (3 x 10 ml) and dried in vacuo. Yield 0.17 g, 76%. Block shaped 
red crystals could be grown from a concentrated thf solution under argon in a sealed 
Schlenk tube at room temperature over 2 weeks. The compound proved to be too insoluble 
to be fully analysed by NMR. It was reacted with CO without any further characterisation 
[see 7.3.1.6.].




A benzene suspension ( 1 0  ml) of (15) (0.20 g, 0.20 mmol) was stirred under 1 atm 
of carbon monoxide for 30 min, during which time the colour changed from red to yellow. 
The solution was concentrated and hexane added (10 ml) to give a yellow precipitate. This 
was filtered off, washed with 2 x 10 ml hexane and dried in vacuo. Yield 0.12 g, 76%. 
Analysis for RUC45H38P2O2 [found (calculated)]: C, 69.4 (69.84); H, 4.87 (4.94). *H NMR 
(CeDe, 400 MHz, 293 K): 6  7.60 (br, 10H, CeHs), 7.57 (d, J h h  = 7.6 Hz, 1 H, CeR*), 6.90 
(br, 20H, CeHs), 6 . 8 8  (d, J h h  = 7.6 Hz, 1 H, CeR), 6.56 (t, J h h  = 7.6 Hz, 1 H, C6H4), 6.49 (t, 
J h h  = 7.6 Hz, 1H, CsK,), 1.66 ( s ,  3H, CH3), -14.29 (t, JPH = 21.2 Hz, 1H, Ru-H). 3 1P{1H} 
NMR (C6D6, 293 K): 8  55.3 ( s ) .  i3 C{‘H} ( C s D s ,  293 K): 5 208.2 (s, Ru-0=C). 204.9 (t, JCp 
= 12.8Hz, Ru-CO), 202.9 (t, JCp= 14.9 Hz, Ru-C), 145.9 ( s ) ,  144.9 ( s ) ,  135.7 (t, JCp= 20.2 
Hz), 134.4 (t, JCp =5.9 Hz), 130.3 (s), 130.2 ( s ) ,  129.0 ( s ) ,  120.2 ( s ) ,  24.0 ( s ,  CH3). IR  (cm' 
'): 1932 ( v r u.h ) ,  1899 (vco), 1583 (vR„o-c).
7.3.I.6. Ru(PPh3)2 (p-CH3 0 -o-C6 H4 C(0 )CH3 )(C0 )H (17)
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A benzene suspension (10 ml) of (15) (0.20 g, 0.20 mmol) was stirred under 1 atm 
of carbon monoxide for 30 min, during which time the colour changed from red to yellow. 
The solution was concentrated and hexane added (10 ml) to give a yellow precipitate. This 
was filtered off, washed with 2 x 10 ml hexane and dried in vacuo. Yield 0.13 g, 83%. 
NMR (CeDe, 400 MHz, 293 K ) :  5  7.65 (m, 10H, CeH5) ,  6.90 (m, 20H, CeHs), 6.91 (d, J h h  
= 8.4 Hz, 1 H, C6H4), 6.65 (br s, 1H, CeHg), 6.37 (br dd, J h h  = 8.4 Hz, J h h  = 2.4 Hz, 1 H, 
C s H 3 ) ,  3.03 ( s ,  3H, 0 CH3), 1.69 ( s .  3H, CH3), -14.44 (t, JPH = 22.0 Hz, 1 H, Ru-H). 31P{‘H} 
NMR (CsDs, 293 K): 8  56.2 ( s ) .  13C{'H} (C6 D6, 293 K): 8  208.5 (t, JCp = 14.4 Hz, Ru-CO),
205.2 (t, JCp= 13.9 Hz, Ru-C), 205.1 (s, Ru-0=C), 160.9 (s, C-OMe), 139.1 ( s ) ,  135.8 (t, 
J c p  = 20.3 Hz), 134.4 ( t,JCp= 5.9 Hz), 131.3 (s), 130.2 (s), 129.0 ( s ) ,  125.5 (s), 110.3 ( s ) ,  





To a suspension of (6 ) (0.20 g, 0.22 mmol) in 5 ml thf was added an excess of 2- 
acetylpyrrole (0.34 g, 3.10 mmol). The mixture was heated with stirring at 50°C for 12 hr. 
The solution was concentrated to yield a pale yellow precipitate, which was filtered off, 
washed with hexane (3 x 10 ml) and dried in vacuo. Yield 0.20 g, 92 %. Block shaped red 
crystals could be grown from a concentrated thf solution under argon in a sealed Schlenk 
tube at room temperature over 2 weeks. Due to the insolubility o f the product, it was 
characterised only by 31P{JH} NMR: 63.2 (t, JPP = 29.1 Hz), 50.8 (d, JPP = 29.1 Hz).
7.3.I.8. cis-Ru(PPh3)2 (0 -NC4H3C(O)CH3)(CO)H (19)
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1) A benzene suspension (5 ml) o f (2 0 ) (0.20 g, 0.26 mmol) was stirred at 110°C for 2 
hr, during which time the suspension went in solution. The solution was concentrated and 
hexane added (10 ml) to give a white precipitate. This was filtered off, washed with 2 x 1 0  
ml hexane and dried in vacuo. Yield 0.19 g, 95%.
2) In attempt to make Ru(PPh3)[Ph2P(NC4H3C(0 )CH3](C0 )H2, a Schlenk tube 
equipped with a magnetic stirring bar was flame dried and then charged with 0.50 g (0.51 
mmol) (1), 0.20 g (0.66 mmol, 1.2 equivalents) NC4H3C(0 )CH3 in 10 ml o f toluene. The 
mixture was then refluxed for 2 hr giving a dark red solution. Toluene was removed under 
vacuum, leaving a dark red oil. 25 ml o f methanol were then added to the oil and the 
mixture stirred for 3hr, until a pink/white precipitate was formed. The solution was then 
filtered via filter cannula and the resultant crude powder washed 3 times with 10 ml of 
methanol and 10 ml of hexane. Drying under vacuum afforded 0.18 g (43%) of product. 
Analysis for RUC4 9H43P2O2N [found (calculated)]: C, 67.7 (67.70); H, 4.99 (4.88); N  1.90 
(1.83). ‘H NMR (CsDfi, 400 MHz, 293 K): 5 7.57 (br m, 10H, CsHs), 6.99 (br m, 20H, 
C6H5), 6.58 (br d, J h h  = 4.0 Hz, 1H, (4)), 6.51 (br s, (5)), 6.02 (dd, J h h  = 1.2 Hz, J h h =  4.0 
Hz, 1H, (4’)), 1.67 (s, 3H, CH3), -13.91 (t, JPH = 20.4 Hz, 1H, Ru-H). 3 1P{*H} NMR (CsDe, 
293 K): 8  48.2 (s). 13C{‘H} (C J^ , 293 K): 6 , 204.9 (t, JCp = 13.0 Hz, Ru-CO), 188.5 (br s, 
Ru-0=C), 142.4 (s, (5)), 140.2 (s, (3)), 134.0 (t, JCp= 2 1 , 0  Hz), 134.0 (t, JCp= 6 . 0  Hz),
129.2 (s), 128.0 (s), 119.7 (s, (4)), 114.5 (s, (4’)), 22.4 (s, CH3). IR (cm'1): 2037 (vRo.H), 
1927 (vco), 1535 (vRu^ c ) .
7.3.1.9. fraHS-Ru(PPh3)2(o-NC4H3 C(0)CH 3)(CO)H (20)
PPhj
A benzene suspension (10 ml) of (18) (0.60 g, 0.60 mmol) was stirred under 1 atm
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of carbon monoxide for 30 min, during which time the colour changed from pale yellow to 
colourless. The solution was concentrated and hexane added (10 ml) to give an off-white 
precipitate. This was filtered off, washed with 2 x 10 ml hexane and dried in vacuo. Yield 
0.40 g, 87%. Analysis for RUC49H43P2O2N [found (calculated)]: C, 67.5 (67.70); H, 4.94 
(4.88); N 1.82 (1.83). *H NMR (CsDs, 400 MHz, 293 K): S 7.66 (br m, 10H, CeHj), 6.99 
(br m, 21H, C6H3> (5)), 6.69 (br d, J h h  = 3 .6 Hz, 1H, (4)), 6.27 (dd, J h h  = 16 Hz, J h h =  4.0 
Hz, 1H, (4’)), 1.42 (s, 3H, CH3), -9.39 (t, JPH = 20.8 Hz, 1H, Ru-H). 31P{1H} NMR (C6D6, 
293 K): 5 48.5 (s). i3C{’H} (CsDs, 293 K): 8 , 207.1 (t, JCp = 13.5 Hz, Ru-CO), 188.2 (br s, 
Ru-0=C), 143.4 (s, (5)), 141.2 (s, (3)), 134.7 (t, JCp = 21.1 Hz), 134.4 (t, JCp= 6 . 1  Hz),
129.4 (s), 128.1(s),120.3(s, (4)), 115.2 (s, (4’)), 2 1 . 8  (s, CH3). IR ^ m '1): 1962 (v r u - h ) ,  1917 
(vco), 1536 (vRu_o«c)




DMSO (29 pL, 0.40 mmol) was added to a toluene suspension (5 ml) of (14) (0.20 
g, 0.20 mmol). The mixture was stirred for 30 min to give a homogeneous solution and 
then concentrated to ca. 1 ml. Addition o f hexane (5 ml) and vigorous stirring for 5 min 
afforded a deep red oil. This operation was repeated twice more to give (22), which was 
isolated as a light red powder upon drying in vacuo (0.16 g, 98%). Recrystallization from 
toluene/hexane afforded red needles suitable for X-ray diffraction. Analysis for 
RuC45H38P20 . 1 . 2  DMSO [found (calculated)]: C, 63.0 (63.34); H, 5.54 (5.62). *H NMR 
(CsDs, 400 MHz, 293 K): 8  7.80-6.90 (m, 30H, CeHj), 6 . 8 6  (br d, Jhh = 7.6 Hz, 1H, 
CeH,), 6.74 (br d, Jhh= 7.6 Hz, 1 H, C6H4), 6.38 (br t, Jhh = 7.2 Hz, IH, Q H 4), 6.12 (br t, 
Jhh = 6 . 8  Hz, 1H, CsK,), 2.09 (s, 6 H, CH3) 1.67 (s, 3H, CH3), -15.30 (t, Jph = 24.6 Hz, 1H, 
Ru-H). 3 1P{‘H j NMR (CcDfi, 293 K): 8  58.0 (s). I3 C(*H} (C6D6, 293 K): 8  206.4 (s, Ru- 
0=C), 195.2 (t, Jcp~ 15.8 Hz, Ru-C), 146.2 (s), 145.3 (s), 136.6 (t, JCp = 19.1 Hz), 133.8 (t, 
Jcp = 5.8 Hz), 129.9 (s), 129.2 (s), 128.9 -  127.5 (m), 118.8 (s), 54.6 (s, CH3), 23.7 (s, 
CH3). IR (cm 1): 1971 (vRu.H), 1571 (vRu^ c ) .
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7.3.2. Complexes spectroscopically characterized.
To an NMR tube were added 80 mg (0.08 mmol) of (1), 1 ml o f and two 
equivalents o f CHfeCHSiMes 18 jiL (0.17 mmol). The tube was left in a water bath at 60°C 
for 12 hr, during which time the colour changed to deep red. A new product (22) was then 
analyzed by *H, 31P{'H}, mP{‘H | COSY and J1P{1H}-*H HETCOR NMR experiments. 
The tube was then pumped to dryness for 12 hr to remove any traces of residual 
CH2 CHSiMe3 and CH3CH2 SiMe3. Then 1 ml o f and 1.2 equivalents (11.6 mg, 0.096 
mmol) of acetophenone were added. 1H/31P NMR spectra were then run every 6 hr in order 
to observe and characterize new species (23) and (24). These were then analyzed by ^  
31P{1H}, 31P{1H} COSY and 3lP{1H}-1H HETCOR NMR experiments. At a set time of the 
reaction, 4 equivalents (relative to (1)) of CH2=CHSiMe3 were added to the reaction 
mixture.
Ru(PPh3)2(PPh2 (o-C6H 4))(CO)H (22)
OC* PPh
Ru
*H NMR (CeDe): -8.35 (dt, JHrb = 26.5, Jnpa = 83.4 Hz, 1H). 31P{1H} NMR (C6D6, 






*H NMR (CeDs): -5.84 (Jhf = 24.4 Hz, Jm  = 92.9 Hz). 31P{1H} NMR (CeDe, 293 
K): 5 40.0 (d, JPP = 18.5 Hz), 36.5 (d, JPP = 18.5 Hz).
f r a / i s - R u ^ P h ^ ^ C e a i C ^ C ^ ) ^ © ^  (24)
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PPh
Ru:
'H  NMR (C6 D6): -3.26 ( J h p  = 22.4 Hz).
7.4. Preparation of IMes and mixed N-heterocyclic carbene phosphine ruthenium 
complexes.
7.4.1. Synthesis of bis-(2,4,6-trimethylphenylimidazoI-2-ylidene (25).12
7.4.1.1. Synthesis of gIyoxal-bis-(2,4,6-trimethylphenyl)imine.
To a 1000 ml round bottomed flask were added 135.22 g (1.00 mol) of 2,4,6- 
trimethylphenylamine, 72.60 g of a 40% aqueous solution of glyoxal (0.50 mol) and 500 ml 
of undried but degassed ethanol. The mixture was stirred for 12 hr at room temperature, 
during which time a thick yellow precipitate formed. The precipitate was isolated by 
filtration and then washed three times with 50 ml of cold ethanol. The product was finally 
dried under vacuum for 6  hr or left to dry in air. Yield 212.00 g (73%). *H NMR (CDCI3 , 
400 MHz, 293 K): 6  2.19 (s, 12H, 0 -CH3), 2.32 (s, 6 H, /?-CH3), 6.93 (s, 4H, tw-CH), 8.13 (s, 
2H, NCH=CHN). 13C{1H} (CDCI3 , 400 MHz, 293 K): 6  18.2 (s, 0 -CH3), 20.7 (s,/?-CH3),
126.5 (s), 128.9 (s), 134.1 (s), 147.4 (s), 163.0 (s, NCH=CHN).
7.4.1.2. Synthesis of [IMes-H]+Cr
To a toluene solution of bis-(2,4,6-trimethylphenyl)-diazabutadiene (19.3 g), 2.0 g 
of paraformaldehyde was added. The reaction mixture was heated to 100°C and then 
cooled to 40°C, after which time 16.5 ml HC1 (4M in dioxane) was introduced. The 
reaction was maintained at 70°C for 5 hr and allowed to cool. The product was collected by 
filtration and washed with thf (15.6 g, 69 % w.r.t. diazabutadiene).
7.4.1.3. Synthesis of l,3-bis-(2,4,6-trimethyIphenyl)imidazol-2-ylidene (IMes, 25)
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1,3-dimesitylimidazolium chloride (5.00 g, 14.00 mmol) was placed into a flame 
dried Schlenk tube and left under vacuum at 60°C for approximately 8  hr. After cooling to 
room temperature, potassium terf-butoxide (2 . 0 0  g, 18.00 mmol) was added and the 
mixture cooled to -70°C in an isopropanol/dry-ice bath, before 100 ml of thf were added to 
via cannula. With vigorous stirring, the mixture was allowed to warm to 0-5°C over 30 
min, after which the reaction was warmed to room temperature and stirred for another 30 
min. The solvent was then removed in vacuo and the residue pumped to dryness for up to 
24 hr. (NB: complete dryness of the residue is crucial for the successful isolation of the 
final product). The residue was dissolved in toluene and the extract filtered through Celite. 
The filtrate was pumped down to a dry residue before 50ml of hexane were added. The 
mixture was stirred until a precipitate formed and cooled down to -30°C to enforce 
precipitation of (25) (Yield 3.26 g, 73 %). *H NMR (CsDfi): 8  6.80 (s, 4H, meta-CH), 6.51 
(s, 2H, im-H), 2.16 (s, 6 H, para-CH3), 2.14 (s, 12H, ortho-CH}). 13C {‘H> NMR (CsDs): 8  
220.0 (s, im-C), 137.0-120.9 (m, meta-C, ortho-C, im-C=C), 21.7 (s, para-Cfti), 18.7 (s, 
ortho- CH3).




To a solution o f 1.00 g (1) (1.09 mmol) in 30 ml toluene was added 1.00 g IMes 
(3.29 mmol) and the mixture heated to 80°C for 2 weeks. 31P{1H} NMR spectroscopy at 
this stage showed signals for (26) and residual (1). Thermolysis for a further week afforded 
just 1. Removal of solvent gave a dark oily residue; addition o f 30 ml ethanol and stirring 
at room temperature gave a white solid. This was washed with ethanol (3 x  10 ml) and 
hexane ( 1 x 1 0  ml) to give 0.69 g of (26) (65% yield.). X-ray quality crystals were grown 
by layering a benzene solution with ethanol. Analysis for RUC57H4 9P3O [found 
(calculated)]: C, 72.4 (72.56); H, 5.88 (5.88); N, 2.93 (2.92). 'H N M R(C 6D6): 8  7.42-7.30 
(m, 12H, PC^Hs), 6.93 (m, 18H, PC^Hs), 6 . 8 6  (br s, 2 H, H-3), 6.82 (br s, 2H, H-6), 6.25 (br 
s. 2H, H-I0), 2,26 (s, 6 H, H-5), 2.20 (s, 6 H, H -l), 1.82 (s, 6 H, H-8), -6.36 (ddd, Jim. =
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26.8, Jnpa — 23.6, JnHb — 6.0 Hz, 1H, Hb), -8.08 (ddd, JHPb — 81.2, Jnpa — 33.6, JnHb — 6.0 
Hz, 1H, H.). 31P{'H} NMR (CsD*, 293 K): 5 59.0 (d, P„ JPP = 14.8 Hz), 47.8 (d, Pb, JPP =
14.8 Hz). 13C{‘H} (CsD6): 8 205.2 (t, JCP= 8.8 Hz, Ru-CO), 197.7 (dd, JCP,  =  75.5, JCPb =
6.7 Hz, C-1I), 142.2 (br d, PCeHs), 142.1 (br d, PC6H5), 140.1 (br s, C-9), 137.7 (br s, C-2 
or 7), 134.6 (d, JCP = 5.4 Hz, PCeHj), 134.4 (d, JCP = 6.7 Hz, PCsHj), 129.4 (br s, C-3 or 6),
127.9 (s, PCeHs), 127.4 (d, JCP = 8.4 Hz, PQ H j), 127.0 (d, Jcp = 8.9 Hz, PCsHs), 122.4 (br 





To a solution of 1.00 g (8 ) (1.24 mmol) in 30 ml toluene was added 1.11 g IMes 
(3.72 mmol) and the mixture heated to 100°C for 3 weeks. Removal of solvent gave a dark 
oily residue; addition of 30 ml ethanol and stirring at room temperature gave a white solid. 
This was washed with ethanol (3 x 1 0  ml) and hexane (1 x 10 ml) to give 0.77 g of (27) 
(73% yield.). X-ray quality crystals were grown by layering a benzene solution with 
ethanol. Analysis for RUC49H52P2N2ORU [found (calculated)]: C, 69.6 (69.40); H, 6.14 
(6.18);N, 3.26 (3.30). IHN M R(C 6D6): 6  8.96-7.21 (m, 20H, PC6H,), 7.14 (brs, 2H, H-3),
7.06 (br s, 2 H, H-6 ), 6.38 (br s, 2H, H-1 0 ), 2.59 (sex, Jhh = 12.0 Hz, 2H, PCH2-CH2), 2,51 
(s, 6 H, H-5), 2.29 (s, 6 H, H-l), 2 . 0 1  (s, 6 H, H-8 ), 1.94 ( t , Jhh = 12.0 Hz, 2 H, PCH2-CH2), 
1.22 (sex, Jhh =  12.0 Hz, 2H, PCH2 -CH2), -6.20 (ddd, JHFb =  22.9, JHp , =  15.5, Jinn. =  5.8 
Hz, 1H, Hb), -7.07 (ddd, Jh h , = 79.4, Jhp. = 22.9, Jmb = 5 . 8  Hz, 1 H, Ha). 3 1P{1H} NMR 
(CsDs, 293 K): 5 40.6 (d, P., JPP = 24.5 Hz), 28.1 (d, Pb, JPP = 24.5 Hz). “ C^H } (CsDs): 5
205.8 (br t , JCP= 9.0 Hz, Ru-CO), 195.5 (dd, JCP» = 75.5, JCPb = 7.5 Hz, C-l 1 ), 148.6 (d, JCP 
= 5.0 Hz, PCeHj), 148.5 (d, JCP = 5.0 Hz, PC6H5), 145.3 (4  JCP = 5.1 Hz, PC6H5), 144.7 (d, 
Jc? = 5.1 Hz, PCsHs), 141.5 (d, JCP = 40.7 Hz, PCsHj), 140.3 (br s, C-9), 137.4 (s, C-2 or 
7), 137.0 (s, C-2 or 7), 135.6 (d, JCP= 15.1 Hz, PCsHj), 136.2 (s, C-4), 134.8 (4  JCP = 26.4 
Hz, PC6H5), 133.3 (d, JCP = 12.2 Hz, PC6H5), 133.0 (d, JCP = 12.3 Hz, PCsHj), 131.3 (4  JCP 
= 9.1 Hz, PCsHs), 129.4 (s, C-3 or 6 ), 128.9 (s, C-3 or 6 d), 121.4 ( 4  Jcp = 2.3 Hz, C-10),
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34.9 (dd, Jcp = 5.9 Hz, JCP= 24.8 Hz; PCH2), 30.7 (d, J= 21.4 Hz, PCH2\  21.4 (s, CH3-5),
20.4 (br s, PCH2-CH2\  19.3 (s, CHs-l or 8), 18.7 (s, CH3 -I or 8). IR (cm'1): 1876 (vco), 
1968 (vruh).
NB: The product could be synthesized using Ru(dppp)(AsPh3)(CO)H2 and the reaction 
time was reduced to 1 week.
7.4.1.6. Ru(arphos)(IMes)(CO)H2  (28)




To a solution of 1.00 g (11) (1.22 mmol) in 30 ml toluene was added 1.10 g IMes 
(3.65 mmol) and the mixture heated to 100°C for 1 week. Removal of solvent gave a dark 
oily residue; addition of 30 ml ethanol and stirring at room temperature gave an off-white 
solid. This was washed with ethanol (3 x 10 ml) and hexane (1 x 10 ml) to give 0.74 g of 
(28) (69% yield.). X-ray quality crystals were grown by layering a benzene solution with 
ethanol. Analysis for RUC48H 50N2PASORU [found (calculated)]: C, 65.61 (65.67); H, 5.81 
(5.74); N, 3.18 (3.19). [H NMR (C6D6): 8  7.90-7.35 (m, 10H, PCeHj), 12-6.9  (m, 10H, 
AsC6H5), 6.89 (br s, 2H, H-3), 6.87 (br s, 2H, H-6 ), 6.25 (br s, 2H, H-10), 2.27 (s, 6 H, H- 
5), 2.12 (s, 6 H, H-l), 1.98 (s, 6 H, H-8 ), 1.79 (br, 2H, CH2), 1.60 (br, 2H, CH2) -7.44 (dd, 
Jhp. = 25.9, JnHb = 3.3 Hz, 1H, H.), -8.9 (dd, Jh p . = 25.9, Jara, = 3.3 Hz, 1 H, H,). 3 lP{'H} 
NMR(CeDe, 293 K): 5 88.7 (s). 13C{1H} (CeD6): 8  204.5 (d, JCp= 7.5 Hz, Ru-CO), 195.4 
( 4  Jcp . = 78.4 Hz, C -ll), 144.3 (br d, JCp = 3.2 Hz PCeHs), 141.4 (s, AsC6H3), 141.1 (s, 
AsCsHs), 141.0 (br, PCsHj), 140.2 (br s, C, 140.2 (s, C-9), 137.3 (s, C-4), 136.8 (s, C-2 or
7), 136.0 (s, C-2 or 7), 135.4 (d, JCp = 12.6 Hz, PC6H5), 133.9 (s, AsC6H 5), 132.8 (s, 
AsCsH;), 131.3 (d, JCp = 10.5 Hz, PC6H5), 129.2 (s, C-3 or 6 ), 129.0 (s, C-3 or 6 ), 128.8 (s, 
PCsHj), 128.1 (s, AsCeHj), 127.9 (s, PCsHs), 127.4 (d, JCp = 8.4 Hz, PCeHs), 127.1 ( 4  Jcp 
= 2.1 Hz, PCeHs), 121.3 (d, JCp= 2.1 Hz, C-1 0 ), 33.9 (4  JCp= 19.8 Hz, AsCH2), 29.1 (d, 
JCp= 23.2 Hz, PCH2), 2 1 . 6  (s, CH3 -5), 19.7 (s, CH3 - 1  or 8 ), 19.0 (s, CH3- 1  or 8 ). IR (cm 1): 
1914 (vco), 1940 (v r u h ), 1873 (v r u h ).
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'H  NMR (CsDs): 8 1.33-1.IS  (m, 15H, PCeHj), 6.94 (br s, 4H, IMes aryl), 6.79 (br 
s, 4H, IMes aryl), 6.09 (s, 4H, HC=CH), 2.35 (s, 12H, para-Me), 2.15 (s, 24H, orlhoMe), 
-5.89 (dd, Jhp = 18.8, Jhh = 7.1 Hz, 1 H, Ru-H), -7.39 (dd, Jhp = 93.5, Jhh = 7.1 Hz, 1H, Ru- 
H). 3IP{'H} NMR (CsDs): 8  47.3. Selected " C f ’H} NMR(C<A>): 8  205.9 (d, JCp= 8.5 Hz, 
Ru-CO), 187.2 (d, Jcp = 6 . 8  Hz, Ru-Ccarbene)-
7.4.1.8. Ru(PPh3)2 (IMes,)(CO)H (30)
(1) (0.50 g, 0.55 mmol) was heated with 0.50 g IMes (1.65 mmol) in 20 ml toluene 
for 2 weeks at 110°C. 31P{1H} NMR spectroscopy showed formation of a single product, 
(30). Removal of the solvent gave a dark oil, which was stirred in ethanol for 24 hr to 
afford a white precipitate. This was washed with ethanol (3 x 10 ml) and hexane (1 x 10 
ml) to give 0.50g o f  (30) (96 % yield). X-ray quality crystals were grown by layering a 
benzene solution o f (30) with hexane. Analysis for RUC45H38P2O2 [found (calculated)]: C,
72.8 (72.51); H, 5.53 (5.55); N, 2.96 (2.97). ]H NMR (CeDjCDs): 6  7.51 (d, JHh = 1.6 Hz, 
1H, H-8 ), 7.38-7.30 (m, 12H, PCeHs), 6.95-6.90 (m, 18H, PCeHs), 6.83 (s, 2H, H-4), 6.35 
(br s, 1H, H-13), 6.19 (d, Jhh = 1.6 Hz, 1H, 77-7), 6.14 (br s, 1H, H-15), 2.29 (s, 3H, CH3-
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JO), 2.17 ( s ,  3H, CHs-2), 1.73 (s, 3H, CH3 -1 1 ), 1.56 (s, 6 H, CHs-l), -6.99 (t, J h p  = 28.4 Hz, 
1H, Ru-H). 31P{!H} NMR (C^D5 CD3): 5 55.1 (s). u C{lR} (CeDsCDs): 8  207.4 (t, JCP =
10.0 Hz, Ru-CO), 202.8 (t, JCP= 6 . 6  Hz, C-77), 163.5 (t, JCP= 16.9 Hz, C-76), 146.5 (br, 
C-9), 146.0 (br, C-/5), 138.8 (t, JCP= 49.7 Hz, PCgHs), 138.3 (s, C-5), 136.9 (s, C-3), 134.4 
(t, JCP = 5.4 Hz, PCsHs), 130.9 (br, C-14), 129.2 (s, C-4), 128.4 (s, PCeHj), 128.3 (s, C-<5),
128.2 (s, C-/3), 127.3 (t, JCP = 4.1 Hz, PCeHs), 1 2 1 . 0  (s, C-7), 1 2 0 . 2  (br , C-12\ 118.4 (s, 






To a C6l>6 solution of (26) (0.08 g, 0.08 mmol) in a Teflon capped resealable NMR 
tube was added one equivalent of trimethylvinylsilane (12 pi). After standing for 3 hr at 
room temperature, 31P{1H} NMR spectroscopy showed formation of (31) (98% conversion 
by NMR) and ethyltrimethylsilane. The solvent was removed in vacuo to give a yellow 
residue; this was dissolved in toluene (1 ml) and layered with hexane (4 ml) to  give (31) as 
pale yellow crystals (0.07 g, 92% yield). Analysis for R 11C46H44P2O2 [found (calculated)]: 
C, 72.3 (72.71); H, 5.60 (5.68); N, 2.89 (2.92). ‘HNM R (CsDsCDs): 5 7.65-6.81 (m, 33H, 
C6H5 + H-5, 7 and 10), 6.42 (br s ,  1H, H-19), 6.33 (br s, 1H, H -U ), 6.14 (br s ,  1H, H -l 7), 
2.76 (br ‘t \  1H, Jhh = 10.8, Jhr, = 4.0 Hz, H-l5a), 2.50 ( s ,  3H, CH3-I  or 3), 2.21 (s, 3H, 
CH3-2), 2.03 (s, 3H, CHi-13), 1.88 (s, 3H, CHs-14), 1.62 (s, 3H, CHs-l or 3), 1.35 f t ’, 1H, 
Jhh = 10.8, Jhp. = 14.0 Hz, H-15b), -7.97 (dd, 1H, Jhp. = 102.4, JHPb = 30.8 Hz, Ru-H). 
n P{lH} NMR (CsDjCDj): 5 53.7 (d, JPP = 18.1 Hz, P.), 28.4 (d, JPP = 18.1 Hz, Pb). 
13C{'H} (CeDsCDs): 8 201.7 (br t, Ru-CO), 191.5 (br d, JCp.= 84.3 Hz, C-21), 149.3 (br s, 
C-14), 140.9 (d, PCsHs), 140.5 (d, PC6H5), 138.9 (s, C-9), 138.5 (s, C-6 ), 138.1 (s, C-4 or
8 ), 136.9 (s, C-4 or 8 ), 136.3 (s, C-1 2 ), 135.1 (d, PCeHs), 135.0 (d, PCeHs), 134.4 (d, 
PCsHj), 134.3 (d, PCsHj), 134.2 (s, C-18), 129.6 (s, C-5 or 7), 129.5 (s, C-5 o r 7), 128.9 (s, 
C-19), 128.7 (4  PCsHs), 128.3 (d, PCsHs), 128.0 (d, PC6H5), 127.9 (d, PCsHs), 127.9 (4
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PCeHs), 127.9 (d, PCeHs), 127.1 (s, C-7<5), 125.4 (s, C-77), 121.8 (br d, JCP = 1.9 Hz, C- 
70), 121.4 (br d, JCP = 2.3 Hz, C-77), 21.8 (s, CH3-74), 21.7 (s, CH3-2), 20.1 (s, CH3-73),
20.1 (s, CH3 - I  or 5), 18.7 (s. CH3 - 5  or I), 12.1 (br d, Jcr = 7.8 Hz, CH2-75). IR (cm'1): 
1955 ( v r u h ) ,  1919 ( v c o ) .
7.4.1.10. Ru(dppp)(lMes” )(CO)H (32)
14
To a CeD6 solution of (27) (0.07 g, 0.077 mmol) in a Teflon capped resealable 
NMR tube were added 1.2 equivalents of trimethylvinylsilane (15 pi). After heating to 
100°C for 24 hr, 3 1P{1H} NMR spectroscopy showed formation of (32) (98% conversion 
by NMR) and ethyltrimethylsilane. The solvent was removed in vacuo to give a yellow 
residue; this was dissolved in toluene (1 ml) and layered with hexane (4 ml) to give (32) as 
pale yellow crystals (0.05 g, 89%). Analysis for RUC49H50P2ORU [found (calculated)]: C,
69.6 (69.57); H, 5.94 (5.95); N, 2.88 (3.31). ‘H NMR (C6D 5CD3): 8  7.91-6.79 (m, 33H, 
Q 1H5 + H-5, 7 and 10), 6 . 6 6  (br s, 1H, H-19), 6.31 (d, 1H, Jhh  = 2.1 Hz, H -ll) , 6.19 (br s, 
1H, H-17), 3.02 (br ‘t ’, 1H, J = 10.2 Hz), 2.64 (s, 3H, CH3-1 or 3), 2.24 (s, 3H, CH3 -2) 
2 . 1 0  (s, 3H, CH3- I 3 ), 1.99 (s, 3H, CH3-14), 1.64 (s, 3H, CH3-I or 3), 0 . 8 8  (d, 1H, Jhh  =
10.8, Jhp.  = 14.2 Hz), -6.71 (dd, 1 H, Jma = 102.6, Jhh, = 21.1 Hz, Ru-H). ^P f'H } NMR 
(C6 D5CD3): 8  39.6 (d, J pp = 25.6 Hz, P.), 15.2 (d, JPP = 25.6 Hz, Pb). i3C{‘H} (CsDsCDj): 8
204.5 (t, Jcpb = 9.1 Hz, Ru-CO), 191.5 (dd, JCpa= 82.3 Hz, JCPb= 8.3 Hz, C-21), 154.7 (dd, 
J c p =  9.8, J c p =  1.8 Hz C-14), 142.3 (d, JCp= 28.5 Hz), 141.6 (d, JCp= 37.2 Hz), 138.6 (s, 
C-9), 138.2 (s, C-6 ), 137.2 (s, C-4 or 8 ), 136.4 (s, C-4 or 8 ), 136.1 (s, C-12), 134.4 (d, JCp =
12.4 Hz, PCeH,), 133.9 (d, JCp= 1 1 . 2  Hz, PCfiHj), 133.8 (s, C-18), 133.3 (d, JCp= 11.2 Hz, 
PCsHs), 133.0 (d, JCp= 11.2 Hz, PCeHj), 132.0 (d, JCp= 12.4 Hz, PCsHj) 129.4 (s, C-5 or 
7), 129.2 (s, C-5 or 7), 128.9 (s, C-19), 128.3 (d, JCp= 1 1 . 6  Hz, PCsHj), 128.0 (d, JCp =
10.4 Hz, PCeHs), 127.9 (d, JCp= 11.4 Hz, PCsHj), 127.9 (d, JCp= 10.6 Hz, PCeHs), 127.9 
(d, JCp= 11.2 Hz, PCeHs), 126.8 (s, C-16), 125.0 (s, C-17), 120.9 (br d, Jpc = 2.0Hz, C-10),
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CH3-2 ), 20.9 (s, CH3-13), 20.3 (br t, PCH2 CH2) 19.7 (d, JCp = 2 . 6  Hz, CH2-15), 18.2 (s, 
CH3-1 or 5), 10.7 (br dt, PCHj),. IR (cm'1): 1920 (vco)
7.4.1.11. Ru(arphos)(IMes” )(CO)H (33)
To a CeD6  solution of (28) (0.08 g, 0.091 mmol) in a Teflon capped resealable 
NMR tube were added 1.2 equivalents of trimethylvinylsilane (15 pi). After heating to 
100°C for 24 hr, 31P{1H} NMR spectroscopy showed formation of several species (100% 
conversion by NMR) and ethyltrimethylsilane.
7.4.1.12. Ru(IMes)(PPh3)(CO)2 H2 (34)
lH NMR (CeDe, 400MHz): 8  7.42-6.80 (m, 19H, PC6H5,H-3,6), 6.27 (br s, 2H, 
CNCH=CHN), 2.20 (s, 12H, CH3), 2.17 (s, 6 H, CH3), -6.53 (d, JP.H = 26.8 Hz, 1H). 














!H NMR (CeDe, 400MHz): 5 7.65-7.01 (m, 33H, CeHj + H-5, 7 and 10), 6.94 (br s, 
1H, H-19), 6.69 (br s, 1H, H - ll ), 6.15 (br s, 1H, H-17), 2.41 (s, 3H, C77*) 2.38 (s, 3H, 
CHb\  2.30 (s, 3H, CHs), 2.21 (s, 3H, CH2\  1.47 (s, 3H, CH3), -7.00 (d, JP.H = 82.3 Hz, 




(26) (0.50 g, 0.52 mmol) was stirred under an atmosphere of CO in 20 ml toluene 
for 12 hr at room temperature. 31P{1H} NMR spectroscopy showed formation of a single
product. Removal of solvent gave a dark-orange oily residue; addition of 3 ml of hexane
and stirring at room temperature gave a yellow solid. This was washed with hexane ( 2 x 2  
ml) and dried in vacuo to give 0.25g of (36) (62% yield.). NB: The yield could be 
improved by cooling the hexane at -40°C in an acetone/dry ice bath (Yield 0.31 g, 77%). 
X-ray quality crystals were grown by layering a benzene solution of (36) with hexane. 
Analysis for RUC42H49N2O3P 1 [found (calculated)]: C, 69.95 (69.98); H, 5.43 (5.45); N,
3.91 (3.88). 'H  NMR (CsDs): 5 7.72-7.65 (m, 9H, PCsHs), 6.96 (m, 6H, PCsH5, 4H, H-3, 
H-6) 6.26 (br s, 2H, H-/0), 2.22 (s, 12H, CH3), 2.16 (s. 6H, CH3). 3IP{'H} NMR (C6D6, 
293 K): 6 60.6 (s). 13C{'H} (CsD6): 8 211.7 (d, Jc-p= 16.6 Hz, Ru-CO), 185.5 (d, Jc-p =
64.9 Hz, C-S), 138.7 (s), 138.5 (s), 138.1 (s), 137.5 (s), 137.9 (s), 136.4 (s), 134.4 (s),
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134.3 (s), 134.2 (s), 134.0 (s), 129.4 (s), 128.8 (s), 128.7 (s), 128.5 (s), 127.9 (s), 122.9 (d, 
Jpc = 1.5 Hz, C-7), 21.2 (s, C-5), 18.7 (s, C-7). IR (cm'1): 1878 (vco), 1864 (vco)





(30) (0.50 g, 0.62 mmol) was stirred under an atmosphere of CO in 10 ml toluene 
for 4 days at 100°C. 31P{1H} NMR spectroscopy showed formation of a single product. 
Removal o f solvent gave a dark-orange oily residue; addition of 3 ml o f hexane and 
stirring at room temperature gave a yellow solid. This was washed with hexane ( 2 x 2  ml), 
and dried in vacuo to give 0.27 g of 1 (58% yield.). NB: The yield could be improved by 
cooling the hexane at -40°C in an acetone/dry ice bath (yield 0.33 g, 71%). X-ray quality 
crystals were grown by layering a benzene solution o f (30) with hexane. Analysis for 
RUC41H47N 2O3P1 [found (calculated)]: C, 65.86 (65.85); H, 6.29 (6.33); N, 3.74 (3.74). ‘H 
NMR (CsD6): 8 7.72-7.65 (m, 10H, PCsHj, H-16), 6.96 (m, 10H, PCeHj, 4H, H-3,3’, H- 
12,15), 6.46 (d, JH-h= 1.9 Hz, 1H, H-7 or 8), 6.24 (d, JH-h= 1.8 Hz, 1H, H-7 or 8), 2.27 (s, 
3H, H-7-0,2.20 (s, 3H, H-5), 2.13 (s, 3H, H-70), 2.10 (s, 3H, H-7 orH-7 ), 2.09 (s, 3H, H- 
7 or 7 ). 31P{‘H) NMR (CeD*, 293 K): 8 65.5 (s). 13C{‘H} (C6D6): 8 211.6 (d, Jc-p = 16.2 
Hz, Ru-CO), 185.8 (d, Jc-p= 64.4 Hz, C-S), 140.0 (s), 139.5 (s), 138.8 (s), 138.7 (s), 138.4 
(s), 138.3 (s), 138.2 (s), 137.8 (s), 136.9 (s), 136.7 (s),135.7 (s), 134.7 (s), 134.6 (s), 134.6 
(s), 134.4 (s), 132. l(s), 130.7 (s), 129.9 (d, Jc-p= 1.4 Hz), 129.7 (d, Jc-p= 2.0 Hz), 129.2 
(s), 129.1 (s), 128.4 (s), 127.2 (s), 124.1 (d, JC-p=2.3 Hz, C-7or8), 122.4 (d, Jc-p = 2.3 Hz, 
C-7 or 8), 21.8 (s, C-14 or 75), 21.7 (s, C-14 or 75), 19.2 (s, C-10), 18.8 (s, C -l or 7 %
18.7 (s, C-7 or /  ’) IR (cm'1): 1886 (vco), 1864 (vco).
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7.5. Preparation of bis-carbene ruthenium complexes.
7.5.1. Ru(AsPh3)(IMes)2 (CO)H2 (38)
To a C£>e solution of (9) (0.05 g, 0.045 mmol) in a Teflon capped resealable NMR 
tube were added 3 equivalents of IMes (43 mg, 0.142 mmol). After heating to 70°C for 1 
hr, NMR spectroscopy showed formation of a single species showing two hydride 
signals at 8 -5.71 and -8.93 (Jhh = 5.9 Hz).







An ampoule fitted with a Teflon stopcock containing a solution of (9) (1.00 g, 0.95 
mmol) in 20 ml toluene and 3 equivalents of IMes (0.87 g, 2.90 mmol) was heated at 75°C 
for 4 days, during which time the solution turned deep red. The mixture was cooled to 
room temperature and evaporated to dryness, leaving an oily dark brown residue. Ethanol 
(10 ml) was added to give a brown solution, which was stirred for 2 hr to give a yellow 
precipitate. This was filtered, washed with cold hexane (20 ml) and pumped to dryness to 
leave a yellow powder. A further batch of compound was isolated from the mother liquor. 
Yield 0.59 g, 78%. Analysis for RUC4 5H56N4 O2 [found (calculated)]: C, 68.8 (68.75); H, 
6.71 (7.18). ‘H NMR (C JJ6, 400 MHz, 293 K): 5 6.85 (br s, 4H, C ^ M e j) ,  6.83 (br s, 4H, 
CiHMes), 6.20 (s, 4H, CNCH=CHN), 3.81 (q, Jhh = 6.8 Hz, 2H, OCH2), 2.35 (s, 12H, 
CH3), 2.17 (s, 12H, CH3), 2.09 (s, 3H, CH3), 1.13 (t, Jhh = 6.7 Hz, 3H, OCH2Ctf3), -23.51 
(s, 2H, Ru-H). 13C{‘H} (CsDs, 293 K): 8 205.6 (s, Ru-CO), 197.9 (s, Ru-C), 138.2 (s, N- 
C), 137.0 (s), 136.7 (s), 136.6 (s), 129.4 (s), 129.3 (s), 121.5 (s), 69.7 (s, OCH2), 23.3 (s, 
OCH2CH3), 21.7 (s, CH3), 19.2 (s, CH3). IR (cm'1): 1886 (vco).
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7.5.3. Ru(IMes)2(C0)(H20)H2 (40)
Isolation of the aqua complex was performed as reported for (39), but using 
degassed, undried hexane (20 ml) rather than ethanol. Yield 0.58 g, 80%. Analysis for 
R11C43H 52N4O2 [found (calculated)]: C, 68.7 (68.13); H, 6.49 (6.91); N, 7.44 (7.39). *H 
NMR (CeJDs, 400 MHz, 293 K): 6 6.84 (br s, 4H, CeftMes), 6.78 (br s, 4H, C ^ M es),
6.15 (s, 4H, CNC/f=C/7N), 2.34 (s, 12H, CH3), 2.18 (s, 12H, CH3), 2.05 (s, 3H, CH3), 0.93 
(s), -23.15 (s, 2H, Ru-H). 13C{‘H} (CsDe, 293 K): 8 206.4 (s, Ru-CO), 198.6 (s, Ru-C),
138.1 (s, N-C), 137.2 (s), 136.9 (s), 136.5 (s), 129.3 (s), 129.2 (s), 121.4 (s), 21.9 (s, CH3), 
19.2 (s, CH3), 19.1 (s, CH3). IR(cm ‘): 1861 (vco), 1818 (vRu.H).




An ampoule fitted with a Teflon stopcock containing a solution of (9) (0.50 g, 0.48 
mmol) in 20 ml toluene and 3 equivalents of IMes (0.44 g, 1.5 mmol) was heated at 80°C 
for 6 days, during which time the solution turned deep red. The mixture was cooled to 
room temperature and evaporated to dryness. Methanol (5 ml) was added the solution, 
which was stirred for 2 hr to give a yellow precipitate. This was filtered, washed with cold 
hexane (10 ml) and pumped to dryness to leave a yellow powder. Yield 0.16 g, 43%.
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NMR (C6D6, 400 MHz, 293 K): 6  6.85 (br s, 4H, CiftMes), 6.81 (br s, 4H, C6tf2Me3), 
6.21 (s, 4H, CNCtf=CflN), 2.34 (s, 12H, CH3), 2.17 (s, 12H, CH3), 2.07 (s, 3H, CH3), - 
23.79 (s, 2H, Ru-H). ' ^ { ‘H} (QD6, 293 K): 8  205 (s, Ru-CO), 197.0 (s, Ru-C), 137.8 (s, 
N-C), 136.7 (s), 136.5 (s), 136.2 (s), 128.9 (s), 121.1 (s), 63.7 (s, OCH3), 21.3 (s, CH3),
18.7 (s, CH3), 18.6 (s, CH3). IR(cm''): 1858 (vco).





An ampoule fitted with a Teflon stopcock containing a solution of (9) (0.50 g, 0.47 
mmol) in 20 ml toluene and 3 equivalents of IMes (0.43 g, 1.51 mmol) was heated at 75°C 
for 4 days, during which time the solution turned deep red. The mixture was cooled to 
room temperature and 1 equivalent of HOCelTrp-OEt (0.07 g, 0.48 mmol) added. The 
mixture was stirred for 1 hr and then evaporated to dryness before addition of 1 0  ml of 
hexane. The compound crystallizes from cold solution of hexane as a yellow 
microcrystalline solid. Yield 0.31 g, 75%. Analysis for R.UC51H60N4O3 [found 
(calculated)]: C, 70.4 (69.76); H, 6.80 (6 .8 8 ); N, 5.52 (6.38). !H NMR (C6D6, 400 MHz, 
293 K): 8  6.84 (br s, 4H, C ^M ea), 6.81 (br s, 4H, C ^M es), 6 . 6 6  (br s, 2H, C6H4), 6.44 
(br s, 2H, C6H4), 6.14 (s, 4H, CNCtf=CtfN), 3.90 (br s, 2H, OCH2), 2.36 (s, 12H, CH3), 
1.93 (s, 12H, CH3), 1.90 (s, 3H, CH3), 1.31 (br s, 3H, OCH2Ci/3), -24.48 (s, 1H, Ru-H). 
^C^H} (C6D6, 293 K): 8  205.5 (s, Ru-CO), 194.9 (s, Ru-C), 137.8 (s, N-C), 137.4 (s),
136.9 (s), 136.2 (s), 129.5 (s), 129.4 (s), 121.9 (s), 116.0 (s), 64.0 (br s, OCH2), 21.6 (s, 
CH3), 18.9 (s, CH3), 15.5 (s, OCH2CH3). IR (cm'1): 1881 (vco).
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An ampoule fitted with a Teflon stopcock containing a solution o f (39) (0.50 g, 
0.64 mmol) in 5 ml toluene was freeze/pump/thaw degassed. To the mixture was admitted 
one atmosphere of H2S and the mixture stirred for 2 min, during which precipitated an 
orange/yellow solid. The solution was then evaporated to dryness under vacuum. The 
ampoule was left pumping overnight to remove remaining traces o f H2S. The dry residue 
was then dissolved in a minimum amount of toluene and layered with hexane. The 
compound crystallizes as orange crystals. Yield 0.39 g, 79%. Analysis for 
RuC43H52N4OS.0.25C6H6 [found (calculated)]: C, 67.4 (67.36); H, 6.49 (6.80); N, 7.06 
(7.06). ‘H NMR (CsDs, 400 MHz, 293 K): 8 6.80 (br s, 4H, CsftMes), 6.77 (br s, 4H, 
CsftMes), 6.20 (s, 4H, CNCH=CHH), 2.32 (s, 12H, CH3), 2.16 (s, 12H, CH3), 2.08 (s, 
12H, CH3), -0.58 (s, 2H, SH2), -24.47 (s, 2H, Ru-H). 13C{'H} (C^De, 293 K): 8 202.6 (s, 
Ru-CO), 197.3 (s, Cl), 137.6 (s, C3), 136.8 (s, C6), 136.0 (s, C4 or 4 ’), 135.7 (s, C4 or 4 ’),









Two equivalents of 1-propanethiol (60 pi, 0.76 mmol) were added to a toluene
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Removal of the solvent afforded a darkly coloured residue, which was dissolved in a 
minimum amount of toluene and layered with hexane to afford deep red crystals of 5 
(Yield = 0.13 g, 40%). The mother liquor was evaporated to dryness and washed with 2 x 5  
ml of hexane at -60°C and the precipitate dried in vacuo for 12h. An additional crop of 
material was isolated as a microcystalline orange solid (0.14 g, 43%). Analysis for 
RuC46H58N4OS [found (calculated)]: C, 68.0 (67.70); H, 6.77 (7.16); N, (6.86). *H NMR 
(C6D6, 400 MHz, 293 K): 5 6.81 (br s, 4H, C^zMes), 6.77 (br s, 4H, C ^M es), 6.25 (s, 
4H, NCi/=CtfN), 2.38 (t, 2H, Jhh = 7.2 Hz, SCtf2), 2.32 (s, 12H, CH3), 2.12 (br m, 24H, 
CH3), 1.60 (m, Jhh  = 7.2 Hz, 2H, CH2), 1.04 (t, Jhh = 7.2 Hz, 3H, CH2Ctf3), -23.77 (s, 2H, 
Ru-H). 13C{jH} (C6D6, 293 K): 8 203.1 (s, Ru-CO), 197.5 (s, Ru-C), 137.1 (s, N-C), 136.6 
(s, C-/?-CH3), 136.2 (s, C-o-CH3), 129.5 (s, m-CH), 122.3 (s, NCH=CHN), 38.7 (s, SCH2),









Two equivalents of C6F6 (0.238 pi, 1.28 mmol) were added to a toluene solution (5 
ml) of (39) (0.50 g, 0.64 mmol) and the resulting solution stirred for 2 hr at room 
temperature, during which the solution turned deep orange. The solution was concentrated 
under vacuum to 2 ml and layered with 10 ml of hexane to afford deep orange crystals of 
compound. Yield 0.47 g (96%). Analysis for RuC43HsiN4OF [found (calculated)]: C, 67.9 
(67.95); H, 6.40 (6.76); N, 7.33 (7.37). 'H NMR (C6D6, 400 MHz, 293 K): S 6.81 (br s, 
4H, C6# 2Me3), 6.75 (br s, 4H, CtHMei), 6.17 (s, 4H, CNCtf=CHN), 2.35 (s, 12H, CH3),
2.01 (s, 12H, CH3), -24.63 (s, 2H, Ru-H). 19F NMR (C6D6, 400 MHz, 293 K): -208.49 (br 
s, F-H). 13C{'H} (C6D6, 293 K): 5 206.0 (d, JC-f = 77.5 Hz, Ru-CO), 196.3 (d, J = 6.1Hz, 
Ru-C), 137.7 (s, N-Q, 137.3 (s), 137.2 (s), 136.8 (s), 134.5 (s), 129.2 (s) 129.1 (s), 121.5
345
C hapter 7 -  Experimental
Ru-C), 137.7 (s, N-C), 137.3 (s), 137.2 (s), 136.8 (s), 134.5 (s), 129.2 (s) 129.1 (s), 121.5 








Two equivalents of CeC\e (0.36 g, 1.28 mmol) were added to a toluene solution (5 
ml) of (39) (0.50 g, 0.64 mmol) and the resulting solution stirred for 1 week at 50°C, 
during which the solution turned deep orange. The solution was concentrated under vacuo 
to 2 ml, and layered with 10 ml o f hexane to afford red crystals. Yield 0.44 g (89%). XH 
NMR (C<£>6, 400 MHz, 293 K): 6 6.81 (br s, 4H, C ^ M e s), 6.77 (br s, 4H, C ^ M es), 
6.20 (s, 4H, CNCH=CHN), 2.33 (s, 12H, CH3), 2.16 (s, 12H, CH3), 2.05 (br s, 12H, CH3), 
-25.33 (s, 2H, Ru-H). 13C{!H} (C6D6, 293 K): 6 202.4 (s, Ru-CO), 195.5 (s, Ru-C), 137.7 
(s, N-C), 137.3 (s), 136.5 (brs), 134.5 (s), 129.4 (s) 129.3 (s), 122.0 (s), 21.7 (s, CH3), 19.3 







A toluene (2 ml) solution of (39) (0.20 g, 0.25 mmol) was stirred at 90°C for 2 
weeks. The solution was then pumped to dryness and 1 ml of hexane was added. Stirring
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for 1 hr gave a creamy white precipitate. The precipitation could be reinforced by cooling 
the mixture to -50°C. The precipitate was filtered off, washed twice with 1 ml o f cold 
hexane and dried in vacuo. (NB: the compound is moderately soluble in hexane). Yield 
0.13 g, 67%. Analysis for RUC44H 50N4O2 [found (calculated)]: C, 68.5 (68.81); H, 6.28 
(6.56); N, 7.20 (7.29). ‘H NMR (C6D6, 400 MHz, 293 K): 6  6.82 (s, 8 H, C6H 2Me3), 6.12 
(s, 4H, CNCH=CHN), 2 . 2 1  (s, 1 2 H, CH3), 2 . 0 2  (s, 24H, CH3), -6.53 (s, 2 H, Ru-H). 
13C{'H} (QDs, 293 K): 8  204.3 (s, Ru-CO), 192.5 (s, Ru-C), 139.6 (s, N-C), 137.3 (s),
136.3 (s), 134.1 (s), 128.9 (s), 121.0 (s) 21.2 (s, CH3), 18.6 (s, CH3). IR (cm'1): 1974 (vco), 
1938 (vco).
7.5.11. Ru(IMes)2 (CO)2(OH)H (48)
OC
A toluene solution (5 ml) o f (40) (0.20 g, 0.26 mmol) was stirred under 1 atm of 
carbon monoxide for 30 min, during which time the colour changed from pale orange to 
colourless. The solution was concentrated (3 ml) and layered with hexane (10 ml). 
Colourless crystals were isolated from the hexane solution during the next two days. These 
were filtered off, washed with 2 x 10 ml hexane and dried in vacuo. Yield 0.20 g, 95%. 
Analysis for RUC44H 50N4 O3 [found (calculated)]: C, 67.4 (67.41); H, 6.36 (6.43); N, 7.03 
(7.14). 'H  NMR (C6D6, 400 MHz, 293 K): 8  6.75 (br s, 4H, CsftMes), 6.74 (br s, 4H, 
CetfzMes), 6.08 (s, 4H, CNCH=CHN), 2.19 (s, 24H, CH3), 2.07 (s, 12H, CH3), -3.75 (br s, 
1H, OH), -4.27 (s, 1H, Ru-H). 13C{'H} (CsD^ 293 K): 8  204.2 (s, Ru-CO), 188.9 (s, Ru- 
CO), 184.8 (s, Ru-C), 139.7 (s, N-C), 137.8 (s), 137.1 (s), 137.0 (s), 129.6 (s), 129.3 (s),
122.7 (s), 21.6 (s, CH3), 19.0 (s, CH3), 18.8 (s, CH3). IR (cm'1): 3426 (vOH), 2019 (vco), 
1880 (vco), 1924 ( v r „-h ) .
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A toluene solution (5 ml) of (43) (0.20 g, 0.26 mmol) was stirred under 1 atm of 
carbon monoxide for 30 min, during which time the colour changed from pale orange to 
off-yellow. The solution was concentrated (3 ml) and layered with hexane ( 1 0  ml). Off- 
yellow crystals were isolated from the hexane solution during the next few days. These 
were filtered off, washed with 2 x 10 ml hexane and dried in vacuo. Yield 0.19 g, 91%. 
Analysis for RUC44H50N 4O2 S1 [found (calculated)]: C, 65.7 (66.05); H, 6.17 (6.29); N, 6 . 8 6  
(7.00). ‘H NMR (CeDe, 400 MHz, 293 K): 6  6.72 (br s, 4H, QftM **), 6.70 (br s, 4H, 
Cs/ftMej), 6.06 (s, 4H, CNCH=CHN), 2.20 (s, 12H, CH3), 2.13 (s, 24H, CH3), -3.15 (br s, 
1H, SH), -4.82 (br s, 1H, Ru-H). ‘^ { ‘H} (CsDs, 293 K): 5 203.1 (s, Ru-CO), 197.4 (s, Ru- 
CO), 185.8 (s, Cl), 139.12 (s, C3), 137.2 (s, C7), 136.4 (s, C4 or C4’), 136.3 (s, C4 or 
C4’), 129.4 (s, C5 or C5’), 129.3 (s, C5 or C5’), 122.8 (s, C2), 21.2 (s, C8 ), 19.0 (s, C7, 
C7’). IR (cm'1): 2023, 1892 (vCO) and 1931 (vRu-H).








An ampoule fitted with a Teflon stopcock containing a solution o f (39) (0.50 g, 
0.64 mmol) in 5 ml toluene was freeze/pump/thaw degassed. To the mixture was admitted
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of the mixture turned to purple. The solution was then evaporated to dryness under vacuo, 
and was left pumping overnight in order to remove any remaining traces of H2 S. The dry 
residue was then dissolved in a minimum amount of toluene and layered with hexane. The 
compound crystallizes as dark purple crystals. Yield 0.43 g, 84%. Analysis for 
RUC4 3H50N4 O1S2 [found (calculated)]: C, 64.0 (64.23); H, 6.14 (6.27); N, 6.79 (6.96). lU 
NMR (C6D6, 400 MHz, 293 K): 5 6.61 (v br s, 8H, C ^M ea), 5.99 (s, 4H, CNCtf=CtfN), 
2.25 (vbr s, 48H, CH3), -1.003 (s, 2H, SH). 13C{!H} (C6D6, 293 K): 5 202.8 (s, Ru-CO),
192.7 (s, Cl), 137.6 (s, C3), 136.8 (br s, C6, C4, C4’), 124.18 (s, C2), 21.1 (s, C8), 19.8 (br 





A toluene solution (5 mL) of (50) (0.20 g, 0.25 mmol) was stirred under 1 atm of 
carbon monoxide for 30 min, during which time the colour changed from purple to off- 
yellow and an off-white material precipitated. The solution was concentrated under a flow 
of CO; 10 ml of CO-saturated hexane were added to the mixture to enforce precipitation of 
the material. Off-yellow crystals could be grown by layering a toluene solution of (51) 
with hexane. (The crystallisation procedure was done under CO atmosphere). These were 
filtered off, washed with 2 x 10 ml hexane and dried under a stream of CO. Yield 0.18 g, 
86 %. Attempts at CHN analysis repeatedly afforded low values, presumably due to the 
facile loss of CO from the product. Analysis for RUC44H50N4O2 S2 were not achieved due to 
the decomposition of the complex at high temperatures. *H NMR (C6D6, 400 MHz, 293 
K): 5 6.68 (br s, 8H, C ^ M e ^ ,  6.02 (s, 4H, CNCJ7=C//N), 2.37 (s, 24H, CH3), 2.21 (s, 
12H, CH3), -3.59 (br s, 2H, SH). (C6D6, 293 K): S 199.4 (s, Ru-CO), 183.7 (s,
C l), 141.0 (s, C3), 139.0 (s, C4 or C4’). 138.5 (s, C4 or C4’), 137.6 (s, C7), 129.3 (s, C5 or 
C5’), 128.5 (s, C5, C5’), 124.6 (s, C2), 21.1 (s, C7, C7’), 19.5 (s, C8). IR (cm 1): 1978 
(vco).
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A hexane solution (5 ml) of (44) (0 . 1 0  g, 0 . 1 2  mmol) was stirred under 1 atm of CO 
for 30 min, during which time the colour changed from pale orange to colourless followed 
by precipitation of a white powder. The solvent was removed via cannula and the 
precipitate washed with 2 x 5 ml of cold hexane. The solid was then dissolved in a 
minimum amount of toluene and layered with hexane (10 ml). Colourless crystals were 
isolated by filtration, washed with hexane (2 x 10 ml) and dried in vacuo. Yield 0.10 g, 
95%. Analysis for RUC47H56N4O2 S [found (calculated)]: C, 67.2 (67.03); H, 6.59 (6.70); N, 
6.75 (6.65). ‘H NMR (CsDs, 400 MHz, 293 K): 6  7.15 (br s, 8 H, C ^ M ea), 6.44 (s, 4H, 
CNCH=CHN), 2.56 (s, 12H, CH3), 2.55 (t, 2H, Jhh = 7.6 Hz, SCH2), 2.53 (s, 12H, CH3), 
2.51 (s, 12H, CH3), 2.26 (sex, Jhh = 7.6 Hz, 2 H, CH2), 1.57 (t, Jhh = 7.6 Hz, 3H, CH2C//3), 
-4.47 (s, 1H, Ru-H). 13C{'H} (C6D6, 293 K): 5 202.9 (s, Ru-CO), 199.0 (s, Ru-CO), 186.6 
(s, Ru-C), 139.6 (s, N-Q, 137.6 (s), 137.2 (s), 136.7 (s), 129.7 (s), 129.5 (s), 123.3 (s), 38.9 
(s, SCH2), 30.4 (s, CH2), 21.8 (s, CH3), 16.8 (s, CH3), 16.5 (s, CH3), 16.1 (s, CH3). IR (cm' 
*): 2014 (vco), 1946 (vR„.H), 1896 (vco).
7.5.16. Ru(IMes)2(CO)2(F)H (53)
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CO for 30 min, during which time the colour changed from pale orange to colourless 
followed by precipitation of a white powder. The solvent was removed via cannula, and the 
precipitate washed with 2 x 5 ml of cold hexane. The solid was then dissolved in a 
minimum amount of toluene and layered with hexane (10 ml). Colourless crystals were 
isolated by filtration, washed with hexane (2 x 10 ml) and dried in vacuo. Yield 0.19 g, 
91%. *H NMR (C6D6, 400 MHz, 293 K): 6 6.75 (br s, 4H, C ^M ea), 6.72 (br s, 4H, 
C ^ M ea), 6.07 (s, 4H, CNCH=CHN), 2.22 (s, 12H, CH3), 2.16 (s, 12H, CH3), 2.09 (s, 
12H, CH3), -3.80 (dd, Ji3C-h = 46.4 Hz, JF-h = 6.4 Hz, 1H, Ru-H). 19F NMR (C6D6, 400 
MHz, 293 K): -379.50 (s, F-H). ‘^ { ‘H} (C6D6, 293 K): 6 205.0 (s, Ru-CO), 193.6 (s, Ru- 
CO), 187.8 (s, Ru-O, 139.5 (s, N-C), 137.7 (s), 137.4 (s), 136.8 (s), 129.4 (s), 122.7 (s),
21.8 (s, CH3), 19.0 (s, CH3), 18.9 (s, CH3), 18.8 (s, CH3), 18.7 (s, CH3). IR (13CO labelled) 
(cm'1): 1991 (vCo), 1930 (vRu.H), 1880 (vCo).
7.5.17. Ru(IMes)2(C0)(K2- 0 2C0H )H  (54)
OH
OC
A toluene solution (5 ml) of (40) (0.10 g, 0.13 mmol) was stirred under 1 atm of 
carbon dioxide for 1 hr, during which the colour changed from yellow to colourless. The 
solvent was removed under vacuo and hexane (5 ml) was added. The resultant suspension 
was stirred at 0°C to enforce precipitation of an off-white powder. This was filtered, 
washed with cold hexane ( 2 x 5  ml), and dried under vacuo. Yield 0.08 g, 78%. Analysis 
for RUC4 4H50N4 O4  [found (calculated)]: C, 66.3 (66.06); H, 6.39 (6.30); N, 7.01 (7.00). *H 
NMR (C6D6, 400 MHz, 293 K): 8 8.80 (br s, 1H, C-0H), 6.88 (br s, 4H, C6^ 2Me3), 6.86 
(br s, 4H, C6tf2Me3), 6.19 (s, 4H, CNCH=CHN), 2.34 (s, 12H, CH3), 2.14 (s, 12H, CH3),
2.08 (s, 3H, CH3), -20.73 (s, 1H, Ru-H). ‘^ { ’H} (C6D6, 293 K): 8 207.4 (s, Ru-CO), 194.0 
(s, Ru-C), 160.3 (s, C-OH), 138.3 (s, N-Q, 137.2 (s), 137.0 (s), 136.5 (s), 129.3 (s), 129.2 
(s), 122.4 (s), 22.0 (s, CH3), 19.3 (s, CH3), 19.1 (s, CH3). IR (cm'1): 3416 (v0H), 1885 
(vco)j 1593 (voco), 1453 (voco).
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(s), 122.4 (s), 22.0 (s, CH3), 19.3 (s, CH3), 19.1 (s, CH3). IR (cm'1): 3416 (vOH), 1885 
(vco), 1593 (voco), 1453 (voco).
7.5.18. Ru(IMes)2(C0)(K2-02C 0Et)H  (55)
R u O B
OC
A toluene solution (5 ml) of (39) (0.10 g, 0.13 mmol) was stirred under 1 atm o f 
carbon dioxide for 1 hr, during which the colour changed from yellow to colourless. The 
solvent was removed under vacuo and hexane (5 ml) was added. The resultant suspension 
was stirred at -40°C to enforce precipitation o f an off-white powder. This was filtered, 
washed with cold hexane ( 2 x 5  ml), and dried under vacuo. Yield 0.08 g, 76%. H NMR 
(C6D6) 400 MHz, 293 K): 6 6.84 (br s, 4H, CeffrMes), 6.80 (br s, 4H, CetfzMej), 6.13 (s, 
4H, C N C //C //N ), 3.56 (dq, J h - h =  6.8 Hz, JH-i3c=  2.4 Hz, 2H, CH20 13C 02), 2.27 (s, 12H, 
CH3), 2.09 (s, 12H, CH3), 2.05 (s, 3H, CH3), 1.12 (t, Jhh = 6.8 Hz, 3H, OCH2-CH3), -18.80 
(s, 1H, Ru-H). 13C{‘H} (CsD6, 293 K): 8 208.1 (s, Ru-CO), 194.1 (s, Ru-C), 158.7 (s, 13C- 
O-Et), 138.7 (s, N-C), 137.4 (s), 137.1 (s), 136.2 (s), 129.3 (s), 129.0 (s), 122.4 (s), 60.6 (d, 
Ji3C-c = 13 Hz, 0 213C -0-CH2), 21.8 (s, CH3), 19.2 (s, CH3), 19.1 (s, CH3), 15.9 (d, Ji3oc =
2.7 Hz, OCH2-CH3). IR (cm'1): 2096 (vH), 1884 (vco), 1604 (voco), 1462 (voco).
7.5.19. Ru(IMes)2(C0)(K2-0 2CC5H4N)H (56)
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evaporated to dryness and the residue dissolved in a minimum amount of hexane. Slow 
concentration of the hexane solution afforded orange crystals (0.08 g) over two days. The 
remaining solution was cooled down to -60°C to enforce precipitation and yielded an 
additional 0.08 g as an orange powder. Yield 83%. Multiple attempts to record CHN analysis 
for RUC4 9H53N5O3 consistently gave unacceptably high %C and %N content. NMR (C6D6 , 
400 MHz, 293 K): 6  8.70 (d, Jhh = 5.6 Hz, 2H, C5H4N), 7.44 (d, Jhh = 5.6 Hz, 2H, C5H4N), 
6.87 (br s, 4H, CtffcMes), 6 - 6 8  (br s, 4H, C6^ 2Me3), 6.11 (s, 4H, NC//=CtfN), 2.28 (s, 12H, 
CH3), 2.03 (s, 12H, CH3), 1.88 (s, 12H, CH3), -18.49 (s, 1H, Ru-H). “ C^HJ (C6D6, 293 K): 5
208.0 (s, Ru-CO), 193.0 (s, Ru-C), 172.3 (s, -OCO), 149.5 (s, C5H4N), 141.7 (s, C5H4N),
138.3 (s, N-C), 136.9 (s, C-o-CH3), 136.7 (s, C-o-CH3), 136.6 (s, C-p-CH3), 129.0 (s, m-CH),
128.8 (s, w-CH), 123.5 (s, C5H4N), 122.0 (s, NCH=CHN), 21.2 (s,p-CH3), 18.6 (s, 0 -CH3),
18.4 (s, 0 -CH3). IR (cm'1): 1886 (vco), 1596 (voco), 1461 (voco).
7.5.20. Ru(IMes)2(C0 )2(0 C(0 )0 H)H (57)
A toluene solution (5 ml) of (48) (0.20 g, 0.25 mmol) was stirred under 1 atm of 
carbon dioxide for 1 hr at room temperature. The solution was then concentrated (3 ml) 
and layered with hexane (10 ml). Colourless crystals were isolated from the hexane 
solution over the following two days. These were isolated, washed with 2 x 10 ml hexane 
and dried in vacuo. Yield 0.18 g, 8 6 %. Analysis for RUC4 5H50N4O5 [found (calculated)]: C,
65.9 (65.28); H, 6.21 (6.09); N, 6.23 (6.77). ]H NMR (C6D6, 400 MHz, 293 K): 8  12.10 (br 
s, 1H, OH), 6.87 (s, 8 H, C ^ M e j) , 6.84 (s, 8 H, CsftMes), 6.09 (s, 4H, CNCH=CHN),
2.27 (s, 12H, CH3), 2.18 (s, 12H, CH3), 2.14 (s, 12H, CH3), -4.30 (s, 1H, Ru-H). nC{'H} 
(C6D6, 293 K): 5 206.2 (s, Ru-CO), 194.8 (s, Ru-CO), 185.0 (s, Ru-C), 162.8 (s, 
OC(0)OH), 138.7 (s, N-C), 137.3 (s), 136.7 (s), 136.5 (s), 129.3 (s), 129.2 (s), 122.9 (s),
21.6 (s, CH3), 18.6 (s, CH3), 18.5 (s, CH3). IR (cm'1): 2041 (vco), 1965 (vRuH), 1916 (vco), 
1605 (vocoX 1355 (voco)-
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and layered with hexane (10 ml). Colourless crystals were isolated from the hexane 
solution over the following two days. These were isolated, washed with 2 x 10 ml hexane 
and dried in vacuo. Yield 0.18 g, 8 6 %. Analysis for RUC45H50N4 O5 [found (calculated)]: C,
65.9 (65.28); H, 6.21 (6.09); N, 6.23 (6.77). ‘H NMR (CeDs, 400 MHz, 293 K): 6  12.10 (br 
s, 1H, OH), 6.87 (s, 8 H, CefljMes), 6.84 (s, 8 H, CsfliMes), 6.09 (s, 4H, CNC//=C//N),
2.27 (s, 12H, CH3), 2.18 (s, 12H, CH3), 2.14 (s, 12H, CH3), -4.30 (s, 1H, Ru-H). 13C{‘H) 
(C6D6j 293 K): 5 206.2 (s, Ru-CO), 194.8 (s, Ru-CO), 185.0 (s, Ru-C), 162.8 (s, 
OC(0)OH), 138.7 (s, N-C), 137.3 (s), 136.7 (s), 136.5 (s), 129.3 (s), 129.2 (s), 122.9 (s),
21.6 (s, CH3), 18.6 (s, CH3), 18.5 (s, CH3). IR (cm 1): 2041 (vco), 1965 (v r „h ), 1916 (vco), 
1605 (voco), 1355 (voco).
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Introduction of one atmosphere of CO into a toluene solution (5 ml) of (40) (0.20 g,
0.26 mmol) gave a rapid colour change from pale orange to colourless. The solution was 
left to stir with CO for a total of 5 days, during which time the solution became deep 
orange. Removal of the solvent under vacuo afforded an orange residue. This was 
dissolved in a minimum amount of toluene and layered with hexane to yield 5 as orange 
crystals (0 . 2 0  g, 99%). Analysis for RUC45H48N4O3 [found (calculated)]: C, 68.7 (68.72); 
H, 5.09 (5.13); N, 7.06 (7.13). *H NMR (C£>6t 400 MHz, 293 K): 5 6.78 (s, 8 H, 
CsfljMes), 6.10 (s, 4H, CMCH=CHH), 2.18 (s, 12H, CH3), 2.05 (s, 24H, CH3). 13C{‘H} 
(C6D6, 293 K): S 217.6 (s, Ru-CO), 186.8 (s, Ru-C), 138.9 (s, N-C), 137.9 (s), 137.1 (s),
129.5 (s), 123.4 (s), 21.6 (s, CH3), 19.1 (s, CH3). IR (cm'1): 1950,1879,1830 (vco).
7.5.22. Ru(HMes)2(C0)(NH=C(CH3)N=C(CH3)0)H (59)
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Acetonitrile (69 pL, 1.32 mmol) was added to a toluene solution (5 ml) of (40) 
(0.20 g, 0.26 mmol) and the mixture stirred for 6  days at room temperature. During this 
time the colour changed from pale orange to off-yellow. Removal of the solvent and 
addition of cold hexane gave (59) as a white microcrystalline solid. Crystals suitable for X- 
ray diffraction were isolated from a concentrated solution of toluene layered with hexane. 
Yield 0.20 g, 91%. Analysis for RUC47H56N6O2 [found (calculated)]: C, 67.2 (67.36); H, 
6.97 (6.74); N, 9.38 (10.03). ‘H NMR (C6D6, 400 MHz, 293 K): 6  6.79 (s, 8 H, CsftMej),
6.08 (s, 4H, CNCH=CHN), 5.73 (s, 1H, NH), 2.27 (s, 6 H, CH3), 2.15 (s, 12H, CH3), 2.03 
(s, 12H, CH3), 1.99 (s, 3H, N=CCH3), 1.52 (s, 3H, N=CCH3), -11.40 (s, 1H, Ru-H). 
' ^ { ’H} (C6D6i 293 K): 8  210.3 (s, Ru-CO), 191.4 (s, Ru-C), 173.8 (s, N=CCH3), 166.0 (s, 
N=CCH3), 139.0 (s, N-C), 136.6 (s), 136.1 (s), 128.9 (s), 128.8 (s), 122.2 (s), 31.6 (s, 
N=CCH3), 28.2 (s, N=CCH3), 21.4 (s, CH3), 18.8 (s, CH3), 18.7 (s, CKb). IR (cm-1): 1865 
(vco), 2016 (v r u - h ) .
7.6. Experimental conditions for the study of candidates for the M urai reaction.
7.6.1. Probing of the reactivity of ruthenium complexes toward the M urai reaction.
Various precursors were synthesized and their reactivity probed for the Murai 
reaction. Typically an NMR tube fitted with a Youngs cap was charged with 0.01 mmol of 
catalyst precursor, 3.0 pi (0.04 mmol) of 2-methylacetophenone, 4.6 pi (0.04 mmol) of 
trimethylvinylsilane and 1 ml o f ck-benzene. The tube was then put in an oil bath at 100°C, 
unless otherwise stated. Both 31P{IH} and NMR spectra were recorded from t = 0, 15, 
30, 60 and 120 min and then every 2 hr, up to two weeks in some cases. Activity of the 
catalyst was shown by (a) depletion of the 3 1P{1H} signal of the precursor and (b) growth 
of two new sets of signals in the * 1 1  spectrum for 2 ’-methyl-6 ,-[2 - 
(triethoxysilyl)ethyl]acetophenone (5 = 2.6 and 0.94). The results for these measurements
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are shown in Table 7.1.



















7.6.2. Catalytic activity of selected precursor under M urai conditions.
A 50 ml three necked round bottomed flask equipped with a magnetic stirring bar, 
argon inlet, outlet bubbler and reflux condenser was flame dried under vacuum and flushed 
with argon. It was then charged with complexes (X) [table 7.2] (0.04 mmol), 261 pL (2 
mmol) of triethoxyvinylsilane, 420 pL (2 mmol) of 2’-methylacetophenone, 3 ml o f 
toluene and 200 pL of dodecane as an internal reference. The reaction vessel was heated to
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7.7. Experimental conditions for the NMR kinetic measurements.
Typically in an NMR tube fitted with a Youngs cap were added 35mgs (0.46 
mmol) of (21) and 1 ml of d8-toluene. The tube was sealed under an argon atmosphere, and 
the and the 31P{1H} NMR spectra of the mixture were recorded at room temperature. 
Then the tube was left aside while the NMR probe was warmed up to a set temperature 
(T(K) = 353, 358, 363, 368, 373), then the tube was quickly inserted and a NMR 
spectrum (10 ppm to -20 ppm) of the solution was recorded at a define time set.
7.8. Experimental conditions for the IR kinetic measurement.
The infrared catalytic experiments were all carried out using the same basic typical 
manipulation. All catalytic reactions employed a sample chamber, which was flushed 
constantly with a flow of nitrogen. In all cases the reactor contents were loaded inside of 
an inert atmosphere glove box under a nitrogen atmosphere and sealed before mounting in 
the reactor chamber. Background solvents were recorded by separate experiments taken at 
the temperature used in the catalytic experiment under nitrogen pressure. The reactor was 
always background / nitrogen purge tested before the experiment was continued. Spectra 
were measured every 32 seconds along the reaction, using a line resolution of 2 cm'1.
Cell preparation:
Particular attention was made upon the preparation of the reaction solution under 
rigorous dry and degassed conditions. A flame dried ampoule was charged with 33.04 to
99.13 pmol of the inorganic ruthenium centred catalyst typically (1) which was then 
pumped dry for 30 minutes. Then 2 cm'3 of toluene was injected into the ampoule and the 
solution was ffeeze-pump-degassed. The ampoule was then loaded into a nitrogen-purged 
glovebox with 0.3 to 4 mmol of an aromatic ketone and an olefin. The infrared cell (CIR) 
was then filled via syringe and sealed.
Spectrometer preparation.
The CIR cell was then mounted in the spectrometer (N2 purged) on a heating jacket 
linked to a temperature controller and ideally the cell was left standing there during one to
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two hr prior to any experiment (to allow the spectrometer to be sufficiently purged from 
water and CO2  interference). Then the infrared absorption spectrum of the solution was 
recorded using series software during 5 minutes prior to the beginning o f  the kinetic 
experiment. Finally the cell was heated to a known temperature and absorption spectrum of 
the solution was recorded time to time using the Nicolet Series software.
The Scanning was typically set up as the following:
Numbers of scans: 64 scs 
Resolution: 2 cm'1 
Velocity of the Mirror: 1.2 
Baseline: 1723.65-2128 cm'1 
Acquisition time: 3600 s to 72000 s.
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